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This thesis describes new catalytic and stoichiometric routes towards polyphosphinoboranes 
and explores the carbene initiated depolymerisation of polyaminoboranes. 
Chapter 1 gives a general introduction to the synthesis and properties of polyaminoboranes 
and polyphosphinoboranes, along with the properties and applications of nitrogen 
heterocyclic carbenes and cyclic (alkyl)(amino)carbenes.  
Chapter 2 describes the metal-free dehydropolymerisation of phosphine-boranes using cyclic 
(alkyl)(amino)carbenes as hydrogen acceptors. The synthesis of both P-mono and 
P-disubstituted polyphosphinoboranes are described along with a discussion of the 
dehydrogenation mechanism supported by DFT studies.  
Chapter 3 describes the use of Ni(COD)2 as a precatalyst for the dehydropolymerisation of 
PPhH2·BH3. The optimisation of polymerisation conditions is described along with 
investigations into the substate scope. Preliminary investigations into the polymerisation 
mechanism are discussed. 
Chapter 4 describes a detailed study into the carbene-mediated depolymerisation of 
poly(N-methylaminoborane) [MeHN–BH2]n. The reactivity of selected N-heterocyclic 
carbenes and cyclic (alkyl)(amino)carbenes towards [MeHN–BH2]n, [MeHN–BH2]3 and 
MeNH2·BH3 is discussed and depolymerisation mechanisms proposed.  
Chapter 5 is split into two sections. The first focusses on expanding the substrate scope of the 
cyclic (alkyl)(amino)carbene mediated dehydropolymerisation of phosphine-boranes described 
in Chapter 2 and the second explores the reactivity of the adduct IDipp–BH2NMeH, both 
thermally and upon the addition of Lewis acids.  
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Chapter 1  
Introduction 
1.1 Research objectives  
The research described in this thesis encompasses two main themes. The first is the 
investigation of new synthetic routes for the dehydropolymerisation of phosphine-boranes, 
one of which is metal-free and the other transition-metal catalysed. The second is an 
exploration of the carbene induced depolymerisation of polyaminoboranes.  
This chapter aims to introduce the chemistry associated with polyaminoboranes, 
polyphosphinoboranes and stable carbenes; however, it is a not a comprehensive review. 
Within each subsequent chapter further background material will be discussed in greater 
detail as is considered necessary.  
1.2 Formation of main group element-element bonds  
The formation of C–C bonds is a well-developed area of synthetic organic chemistry with 
breakthroughs in olefin polymerisation,1 olefin metathesis2–4 and palladium-catalysed cross 
couplings5,6 being awarded Noble Prizes in 1963, 2005 and 2010, respectively.7 Significant 
developments have also been made in the formation of C–E bonds (E = p-block element), for 
example hydroboration, hydrosilylation and hydrophosphination reactions.8,9 In contrast, 
routes to form E–E’ bonds (E and E’ = p-block elements) are considerably less established. This 
is in part due to the covalent bonds in both substrates and products containing 
heavier p-block elements being inherently weaker than in the lighter congeners.10 
1.2.1 Synthesis of E-E and E-E’ bonds 
Salt elimination and reductive coupling routes traditionally provided access to main group 
element-element bonds, an example of which is the synthesis of polysilanes from 
organochlorosilanes and stoichiometric amounts of an alkali metal using the Wurtz reaction 
(Figure 1.1).11 However, these routes are often element-specific, require harsh conditions, 







Figure 1.1 Representative synthesis of polysilanes using the Wurtz reaction. 
A more recently developed and convenient synthetic pathway for the formation of main 
group element-element bonds is the catalytic dehydrocoupling of E–H bonds. This can be 
either homocoupling between two of the same element to form E–E bonds or heterocoupling 
between two different elements to form E–E’ bonds (Figure 1.2). 
 
Figure 1.2 a Homo-dehydrocoupling; and b hetero-dehydrocoupling to form main group element-element 
bonds. 
In 1984 Sneddon et al. reported the first example of catalytic E–E bond formation through the 
dehydrocoupling of two polyhedral boron cages using PtBr2 as a catalyst (Figure 1.3).13 
 
Figure 1.3 Formation of a B–B bond using Pt-based catalyst. 
There have been many subsequent examples of transition-metal catalysed dehydrocoupling 
reactions to form a broad range of E–E and E–E’ bonds under mild conditions.10,12,14 
Additionally there has been a recent evolution in main group catalysts capable of carrying out 
the dehydrocoupling process.15–19 
1.2.2 Extension to polymers 
Polymers are diverse and increasingly popular materials which can display a wide range of 
applications (e.g. house insulation, packaging, car parts, bulletproof vests, medical implants 
and drug delivery systems) and over 300 million tonnes of polymers are produced annually.20 
Although there are a multitude of organic polymers with carbon backbones the synthesis of 
inorganic polymers is less developed, largely due to the challenging preparation of suitable 
precursors and polymerisation methodologies.21 The development of catalytic 





(Figure 1.4b) has allowed for the development of a growing number of inorganic polymers 
comprising main group elements in the backbone.  
 
Figure 1.4 Common syntheses of inorganic polymers via a catalytic dehydropolymerisation; and b ring-opening 
polymerisation. 
The area of main group polymer synthesis is of high interest due to the materials formed 
displaying unique properties which differ significantly from organic carbon-based polymers. 
Numerous classes of main group polymer have been reported, of which a selection are 
discussed below (Figure 1.5).  
Two of the earliest examples of main group polymers are polysiloxanes and 
polyphosphazenes. Polysiloxanes [R2SiO]n are a well-developed class of chemically stable 
inorganic polymer with numerous commercial applications such as thermally stable 
elastomers, adhesive coatings, surgical implants and sealants.22 Polyphosphazenes [R2PN]n 
have a backbone of alternating phosphorus and nitrogen atoms separated by alternating 
single and double bonds and have displayed potential as elastomers and hydrogels.23 
Polysilanes [R2Si]n have a backbone comprised entirely of silicon atoms and display interesting 
electrical and optical properties as a result of strong delocalisation of σ electrons along the 
main chain.24 The heavier group 14 analogues, polygermanes25 and polystannanes,26 have 
also been reported. Our group recently reported a new class of inorganic polymer, 
polyphosphonates [RPO2]n, through the ROP of cyclic phosphonates.27 
 
Figure 1.5 Examples of main group polymers. 
The work described in this thesis focusses on polyaminoboranes [R2N–BH2]n and 





or B–P units in the backbone, respectively (Figure 1.6). These polymers are isoelectronic with 
polyolefins, but these materials display markedly different properties. The synthetic routes 
towards polyaminoboranes and polyphosphinoboranes, along with their properties, will be 
discussed in further detail in the next two sections. 
 
Figure 1.6 Polyaminoboranes and polyphosphinoboranes are isoelectronic with polyolefins. 
1.3 Polyaminoboranes 
Polyaminoboranes have a backbone of alternating σ-bonded boron and nitrogen atoms. 
Although initially reported in the course of investigations into using ammonia-borane, 
NH3·BH3, as a hydrogen source, polyaminoboranes have more recently been reported to 
display their own useful applications such a ceramic precursors to boron nitride and 
piezoelectric materials.28–30 Most syntheses of polyaminoboranes involve the 
dehydropolymerisation of amine-boranes.31  
1.3.1 Synthesis and structure of amine-boranes and aminoboranes  
Amine-boranes are adducts between an amine (Lewis base) and a borane (Lewis acid) through 
a dative bond. Gay-Lussac et al. reported the first amine-borane, NH3·BF3, in 1809.32 This was 
followed by the synthesis of NH3·BH3, prepared by Shore and Parry in 1955.33 There is now an 
extensive library of amine-borane species with functionalisation at both the nitrogen and 
boron atoms.34,35 
A number of synthetic routes for amine-boranes have been developed. The most frequently 
used is the direct reaction of the amine with BH3·L where the labile donor (L = THF or SMe2) 
is displaced and a stronger bond is formed between boron and the amine N-donor (Scheme 
1.1a). This route has several disadvantages such as requiring a large volume of solvent, poor 
long-term stability and, low concentrations available of BH3·THF, and the flammability and 
malodour associated with BH3·SMe2. A second popular route is a salt metathesis reaction 
between ammonium salts and borohydrides (Scheme 1.1b).34 
 





The electronegativity difference between boron and nitrogen (χB = 2.04, χN = 3.04)36 induces 
overall polarity into the molecules and results in the hydrogens on nitrogen and boron 
displaying protic and hydridic character, respectively.37 The removal of one equivalent of 
dihydrogen from an amine-borane gives aminoboranes, RR’N=BH2, species with a formal 
double bond and planar geometries around both the nitrogen and boron atoms (Figure 1.7). 
Large nitrogen substituents are required to give stable aminoboranes.38 
 
Figure 1.7 Structure of amine-boranes (left) and aminoboranes (right). 
As already alluded to, extensive research into the dehydrogenation of ammonia-borane has 
been reported as its high gravimetric hydrogen content (19.6 wt.%) made it an attractive 
candidate for hydrogen storage with numerous reviews on this topic.39–42  Nevertheless there 
are challenges, the key one being the thermochemical and kinetic challenges of regeneration 
of the spent material into ammonia-borane.28 The work reported in this thesis is concentrated 
on the dehydrogenation product, polyaminoboranes, and thus the synthesis, substrate scope 
and application of the polymers will be the focus of the next sections. 
1.3.2 Synthesis of polyaminoboranes 
The synthesis of well-defined polyaminoboranes from amine-boranes is challenging as both 
the dehydrogenation and subsequent polymerisation steps must be controlled (Scheme 
1.2).30 The control of dehydrogenation is especially important for NH3·BH3 and primary amine-
boranes, RNH2·BH3, as intractable, presumably cross-linked material, is formed when more 
than one equivalent of dihydrogen is released.29  
 
Scheme 1.2 Dehydropolymerisation of amine-boranes.  
Attempts to synthesise the simplest polyaminoborane, [H2N–BH2]n, using the thermal 
decomposition of either NH3·BH343 or [H2N–BH2]344 led to insoluble, poorly characterised 





mixtures of small cyclic species, or aminoborane monomers, rather than polymeric material, 
if the substituents display a large degree of steric bulk.30,45–47   
1.3.2.1 Metal-catalysed dehydropolymerisation of amine-boranes 
The dehydrocoupling of amine-boranes at ambient temperature, with the goal of synthesising 
linear, soluble polyaminoboranes has been a focus of recent work. 
In 2001 Manners et al. reported a rhodium precatalyst, [Rh(COD)(μ-Cl)]2 
(COD = 1,5-cyclooctadiene), which was able to catalytically dehydrocouple amine-boranes under 
mild conditions.48 With Me2NH·BH3 quantitative conversion to the cyclic dimer [Me2N–BH2]2 is 
achieved (Scheme 1.3a). The rhodium precatalyst is also active for the dehydrocoupling of the 
primary amine-borane MeNH2·BH3, with two equivalents of hydrogen being released to give 
(N-methyl)borazine [MeNBH]3 as the product (Scheme 1.3b). Under the same conditions 
NH3·BH3 forms a mixture of borazine and insoluble oligomers and/or polymers. The active 





















Scheme 1.3 Metal-catalysed dehydrocoupling of a secondary and b primary amine-borane adducts with 
[Rh(COD)(μ-Cl)]2 at 25 or 45 °C for 48-60 h.48 
Since this initial report a substantial amount of work has been performed in this area and a large 
library of transition-metal precatalysts have been reported for the dehydrocoupling of 
amine-boranes using a wide range of metals including titanium,50,51 manganese,52 iron,53–55 
cobalt,56–58 nickel,59,60 rhodium,61–66 ruthenium,67–69 rhenium70 and iridium.71,72 Additionally, a 
number of main group species have been reported to facilitate the dehydrocoupling of amine-
boranes.73–77 
The first efficient homogeneous dehydropolymerisation of ammonia-borane was achieved 
using an iridium precatalyst, IrH2(POCOP) (POCOP = [η3-1,3-(OPtBu2)2C6H3]), by Goldberg et al. 
in 2006 to give an insoluble, poorly characterised, product assigned as the cyclic pentamer 
[H2N–BH2]5 through the release of one equivalent of hydrogen per monomer.71 In 2008 





poly(N-methylaminoborane) ([MeHN–BH2]n) (Mw = 160,000 Da, Ð = 2.9) (Scheme 1.4).78,79 
Since 2008, a variety of other precatalysts capable of catalysing the formation of high molar 
mass polyaminoboranes have been reported based on titanium,80,81 iron,82–84 cobalt,85  
zirconium,86 ruthenium,69 rhodium87–89 and iridium.90 
 
Scheme 1.4 Metal-catalysed dehydropolymerisation of MeNH2·BH3 using IrH2(POCOP).71  
1.3.2.2 Metal-free routes to polyaminoboranes 
In 1970 Kwon and McGee reported the synthesis of [H2N–BH2]n by subjecting borazine vapour 
to a radio frequency discharge followed by immediate quenching at -196 °C.43 H2N=BH2 was 
reported to form and spontaneously polymerise between -196 °C and -155 °C, but only the 
infrared spectrum of the presumed polymeric product was reported.  
In 2014 Manners et al. reported an ambient temperature, metal-free route to low molar mass 
(< 5000 Da) [MeHN–BH2]n. The amine-borane MeNH2·BH3 was treated with 
[H(OEt2)2][B(C6F5)4] in Et2O and spontaneous dihydrogen elimination gave the 
amine-boronium cation salt [(MeH2N·BH2)(Et2O)][B(C6F5)4]. Deprotonation with 
2,6-di-t-butylpyridine (DTBP) yielded the aminoborane monomer, MeHN=BH2, which was 
detected using low temperature 11B NMR spectroscopy at -10 °C, and undergoes a 
head-to-tail polymerisation (Scheme 1.5a).91      
 
Scheme 1.5 Metal-free syntheses of polyaminoboranes.91,92 
Alcaraz et al. have recently reported a metal-free synthesis using iPr2N=BH2 as a BH2 transfer 
reagent.  The reaction of iPr2N=BH2 with primary amines, NRH2 (R = Me, Et, nPr, nBu, allyl), at 





to yield what have been assigned as very high molar mass polyaminoboranes 
(Mw = ca. 200,000 – 500,000 Da; Ð = 1.2 – 10.2) (Scheme 1.5b).92 
1.3.3 Substrate scope of polyaminoboranes 
A number of N-alkyl-substituted polyaminoboranes been reported using either catalytic routes or 
the Alcaraz stoichiometric BH2 transfer route (Figure 1.8). N-aryl-substituted polyaminoboranes 
have not been reported as the monomers (RNH2·BH3 R = Ph, p-C6H4CF3 and p-C6H4OMe) undergo 
spontaneous dehydrocoupling to a multitude of non-polymeric products.93 
Reports of B-substituted polyaminoboranes, [H2N–BHR]n, are much more limited with only 
two reported examples (R = Ph or p-C6H4CF3).94 In each case a significant quantity of borazine 
is formed and the phenyl derivative is particularly thermally unstable. Attempts to synthesise 
[H2N–BMeH]n  through the dehydrogenation H3N·BH2Me were unsuccessful as upon heating 
a sample thermal redistribution of the methyl and hydrogen substituents on boron occurred 
to give H3N·BH3-xMex (x = 0 – 3) and attempted metal-catalysed dehydropolymerisation 
yielded borazine [HNBMe]3 and bis(amino)borane, MeB(NH2)2.35  
 





Thus far all examples of polyaminoboranes have been either N-mono or B-monosubstituted. 
There are no reported examples of any isolated disubstituted polymers. The dehydrogenation 
of disubstituted amine-boranes yields either monomeric aminoboranes (e.g. iPr2N=BH2) or 
small cyclic species (e.g. [Me2N–BH2]2).30 
1.3.4 Properties and applications of polyaminoboranes 
Polyaminoboranes display very different properties to their polyolefin analogues.  For 
example, poly(N-methylaminoborane) is soluble in a range of polar solvents (e.g. THF, DCM, 
CHCl3), whereas polypropylene, the isoelectronic C–C backbone species, is only soluble in 
non-polar xylenes at elevated temperatures. This is explained by a combination of the 
alternating B–N backbone and the substituents inducing polarity. Thermal decomposition of 
[MeHN–BH2]n occurs at a temperature significantly lower than polypropylene (160 vs 400 °C).  
This has been attributed to the formally dative N→B bonds between the monomers 
weakening and releasing B–N fragments at relatively low temperatures. It may also be related 
to the polarity as the presence of hydridic B–H and protic N–H hydrogens may allow for 
release of dihydrogen from the polymer and initiate fragmentation into species such as 
borazine [MeNBH]3.29,97 
There are several reported potential applications of polyaminoboranes. One of which is as 
preceramic polymers for boron nitride, a material which in its hexagonal crystal morph (h-BN) 
is the B–N analogue of graphite.79,98,99 As the BN layers are bonded by weak van der Waals 
forces the layers are able to slide over each other giving h-BN lubricant properties. h-BN 
displays many additional useful characteristics such as high temperature resistance, thermal 
shock resistance, high thermal conductivity, poor wettability, chemical inertness and 
non-toxicity.100,101 Preceramic polymers are attractive as they can be moulded into the 
desired shape prior to heating to give the final ceramic material.29 
Polyaminoboranes have also been considered as hydrogen storage materials due to the 
potential to release a further equivalent of hydrogen, as mentioned above.41 However, as one 
equivalent has already been lost in the dehydropolymerisation process, they are a less 
attractive hydrogen source than the parent amine-boranes. Another potential application of 
polyaminoboranes is as piezoelectric materials.  [H2N–BH2]n and [H2N–BF2]n have been 
investigated computationally by Nakhmanson et al. and reported to display a 50% and 100% 





[H2CCF2]n, resulting in enhanced piezoelectric responses.102 Polyaminoboranes have also been 
reported as precursors for aluminium borate nanowires.103 
The high boron content in polyaminoboranes gives them potential as a delivery agents for 
boron neutron capture therapy, in which a high concentration of 10B nuclei are irradiated to 
yield high energy α particles which destroy tumour cells.104  
1.4 Polyphosphinoboranes 
Polyphosphinoboranes can be compared to polyaminoboranes, but with the nitrogen atoms 
in the main chain replaced with phosphorus atoms. They are also isoelectronic with 
polyolefins. Initial interest in polyphosphinoboranes was shown in the 1950s and 1960s as it 
was predicted that they would exhibit useful properties such as high temperature stability 
and flame retardancy.105 The most common synthetic routes involve the dehydrogenation of 
phosphine-borane monomers.  
1.4.1 Synthesis and structure of phosphine-boranes and phosphinoboranes  
As with amine-boranes, phosphine-boranes are Lewis base (phosphine) - Lewis acid (borane) 
adducts. The first phosphine-borane derivative, PH3·BCl3, was reported in 1890 by Besson.106 
It was not until 1966 that the simplest phosphine-borane, PH3·BH3, was reported107 having 
previously been synthesised and incorrectly reported as diborane diphosphine, B2H6·2(PH3), 
in 1940.108 There is now a library of primary, secondary and tertiary P-functionalised 
phosphine-boranes.  
There are two main synthetic routes for the synthesis of phosphine-boranes. The first is direct 
addition of a phosphine to BH3·L (L = THF or SMe2) where displacement of the weaker Lewis 
base by the phosphine occurs (Scheme 1.6a)109 and the second is through the reduction of 
chlorophosphines with two equivalents of LiBH4 (Scheme 1.6b).110 
 
Scheme 1.6 Synthesis of phosphine-boranes. 
Analogous to amine-boranes the dehydrogenation of phosphine-boranes, R2PH·BH3, would 
give phosphinoboranes [R2P–BH2]. The P–H and B–H bonds display little polarity (χP = 2.19, χB 
= 2.04, χH= 2.20)36 which reduces the favourability of dehydrogenation of phosphine-boranes 





inversion, a process which involves a hybridisation change of the phosphorus from sp3 to 
sp2.38 This results in phosphinoboranes showing a lower propensity to have planar, rather 
than pyramidal, geometry at the phosphorus centre with the two structural extremes shown 
in Figure 1.9.111   
 
Figure 1.9 Structural extremes of phosphinoboranes.111 
1.4.2 Synthesis of P-monosubstituted polyphosphinoboranes 
1.4.2.1 Thermolysis of phosphine-boranes 
The synthesis of polyphosphinoboranes was first reported in the 1950s by thermal 
(175 – 200 °C) dehydrocoupling of Me2PH·BH3 and MePH2·BH3 in the presence of amines to 
yield [RMeP–BH2]n (R = H or Me); however, only low yields of low molecular weight, poorly 
soluble material, lacking convincing structure characterisation were reported.112–114 The 
thermolysis of PhPH2·BH3 (100 - 150 °C) was reported in 1964 to give a benzene-soluble, low 
molar mass (Mn = ca. 2000), poorly characterised, polymer with a claimed average 
composition of [PhHP–BH2]x.115 
1.4.2.2 Metal-catalysed dehydropolymerisation of phosphine-boranes 
It was not until the late 1990s that a rhodium precatalyst, [Rh(µ-Cl)(1,5-cod)]2 
(COD = 1,5-cyclooctadiene), was used in the melt phase (90  – 130 °C) to dehydrocouple 
PhPH2·BH3, giving the first definitively characterised high molecular weight 
polyphosphinoborane [PhHP–BH2]n (Mw = 31,000 Da).116,117 The air- and moisture-stable 
polymer displayed a large degree of chain branching and cross linking resulting from the high 
temperature melt phase polymerisation conditions. 
In 2015 an iron precatalyst, [CpFe(CO)2OTf] (Cp = [η5-C5H5]-, OTf = [SO3CF3]-), was used to 
synthesise [PhHP–BH2]n (Mn = 59,000 Da) from PPhH2·BH3 in solution (toluene) rather than the 
melt phase.118 This route had the advantages of using an earth abundant first-row 
transition-metal, rather than a precious metal catalyst, and operating at a lower temperature 
(100 °C), to yield material with relatively low polydispersity (Ð = 1.6). Additionally, it was 
possible to control the molar mass of the polymer by altering the catalyst loading, and a chain-





Since the significant breakthrough by Manners et al. in 2015 a series of other metal catalysts 
based on iron, iridium and rhodium have been reported to be effective in the solution phase 





M = Rh, Fe, Ir





Scheme 1.7 Metal-catalysed dehydropolymerisation of phosphine-boranes. 
1.4.2.3 Metal-free routes to polyphosphinoboranes 
As alluded to above the thermal dehydrocoupling of phosphine-boranes was not successful 
for the synthesis of convincingly characterised high molar mass polyphosphinoboranes. 
Despite this there have been a few reports on alternative metal-free syntheses. 
In 2003 Gaumont et al. reported dehydropolymerisation of PPhH2·BH3 using the strong Lewis 
acid tris(pentafluorophenyl)borane (B(C6F5)3) as a catalyst. 31P NMR analysis suggested the 
presence of oligomeric or cyclic structures and GPC analysis showed formation of only low 
molar mass material (Mn = 830 - 3900 Da) and there have been no follow up studies 
reported.122 
 
Scheme 1.8 B(C6F5)3 catalysed dehydropolymerisation of PPhH2·BH3.122 
The first metal-free route to high molar mass polyphosphinoboranes was reported in 2015.123 
This stemmed from a collaboration between our group and the Scheer group which reported 
a Lewis base stabilised monomeric phosphinoborane, RR’PBH2·NMe3.124 The 
thermally-induced elimination of NMe3 yielded monomeric [RR’P–BH2] which underwent a 
head-to-tail polymerisation. High molar mass [tBuHP–BH2]n (Mn = 27,800 – 35,000) was 
synthesised through this method from tBuPHBH2·NMe3. 
 





1.4.3 Substrate scope of polyphosphinoboranes 
1.4.3.1 P-monosubstituted polyphosphinoboranes 
The above-mentioned metal-catalysed and metal-free routes have enabled access to a range 
of aryl and alkyl P-monosubstituted polyphosphinoboranes, including the synthesis of metal 
containing polymers. 
 





1.4.3.2 P-disubstituted polyphosphinoboranes  
Although there have been significant developments in the synthesis of P-monosubstituted 
polyphosphinoboranes the synthesis of the P-disubstituted polymers is much more elusive. 
The absence of a P–H in the P-disubstituted polymers [RR’P–BH2]n make them an attractive 
synthetic target as it is anticipated that they will be less reactive than the P-monosubstituted 
derivatives and therefore more amenable to applications. 
The use of metal catalysts for the attempted dehydropolymerisation of P-disubstituted 
monomers has so far only resulted in the synthesis of small cyclic species or short oligomers. This 
is exemplified by Ph2PH·BH3 producing either the linear dimer PPh2H·BH2–PPh2·BH3 or the cyclic 
trimer and tetramer [Ph2P–BH2]x (x = 3 or 4) when reacted with [Rh(µ-Cl)(1,5-cod)]2 (Scheme 
1.10a)117 or [Ph2P–BH2]x (x ≤ 6) through the thermolysis of  Ph2PHBH3·NMe3 (Scheme 1.10b).123  
 
Scheme 1.10 Attempted polymerisations of Ph2PH·BH3.117,123 
A recent development in our group was the report of a post-polymerisation modification 
route which involves the insertion of olefins into the P–H bonds of [PhHP–BH2]n using a 
hydrophosphination reaction under benchtop conditions to give [PhRP–BH2]n (R = alkyl) 
(Scheme 1.11).129 This method has allowed access to fully P-disubstituted polymers and 
random copolymers, the properties of which can be altered by varying the degree of 
hydrophosphination and identity of alkene used. There is, however, the drawback that a 
molar mass decline is observed, especially at high degrees of insertion. 
 





1.4.4 Properties and applications of polyphosphinoboranes 
The air- and moisture-stability of polyphosphinoboranes makes them attractive candidates to 
be developed as materials with real-life applications. Polyphosphinoboranes are generally soft, 
malleable materials with glass transition temperatures (Tg) dependant on the phosphorus 
substituents.29 The Tg values of polyphosphinoboranes are generally lower than that of the 
analogous organic polymer (e.g. Tg  = 38 °C for [PhHP–BH2]n vs 107 °C for [PhHC-CH2]n).125,130 It 
is anticipated that this is a result of the relatively longer B–P than C–C bond (1.90 – 2.00 vs 
1.54 Å).  
Polyphosphinoboranes have displayed potential as electron beam resists for lithography, and 
in producing hydrophobic polymer-coated surfaces with the water droplet contact angle 
being tuneable by varying the substituent at phosphorus.118,125,131 The polymers have been 
suggested to be useful as ceramic precursors to boron phosphide as, depending on the 
substituents, they can display high ceramic yields.132 
Cross linking of P-monosubstituted polyphosphinoboranes, through the loss of dihydrogen, 
has been shown to give solvent swellable-gels. The degree of cross-linking is reported to be 
affected by both the polymerisation conditions and the phosphorus substituents.125 Recently 
post-polymerisation hydrophosphination of 1,5-hexadiene with [PhHP–BH2]n  has allowed the 
controlled synthesis of a cross-linked polyphosphinoborane which displays reversible 
organogel behaviour.129 
Additionally, it has been suggested that polyphosphinoboranes may be useful as flame 
retardants with high thermal stability133–135 or as non-linear optical materials;136 these 
applications are still under investigation.137 
1.5 Mechanistic insights into the synthesis of polyaminoboranes and 
polyphosphinoboranes 
Developing an understanding of the mechanisms of the formation of polyaminoboranes and 
polyphosphinoboranes should allow for the design of better catalysts and improved synthetic 
methods for the polymerisation to be developed. As the majority of reported synthetic routes 
to polyaminoboranes and polyphosphinoboranes use a transition-metal catalyst to induce 
dehydropolymerisation of amine-borane or phosphine-borane monomers this will be the 
focus of the following sections. In addition, recent developments and studies of the 





1.5.1 Mechanisms of transition-metal mediated amine-borane dehydropolymerisation  
For ammonia-borane, NH3·BH3, and primary amine-boranes the dehydropolymerisation to 
yield linear polyaminoboranes is challenging. This is due to the favourable formation of cyclic 
species, such as borazane, and the potential for further dehydrogenation to give the 
thermodynamically favoured borazine product (Figure 1.11).31  
 
Figure 1.11 Typical dehydrocoupling pathway for ammonia-borane and primary amine-boranes. 
Several catalysts have been developed which are able to both dehydrogenate the 
amine borane monomer and control the B–N coupling steps to produce well-defined 
polymers (Section 1.3.2.1), but only a small number of examples have been studied in detail. 
The initial dehydrogenation of amine-boranes is the first step that must be studied in the 
dehydropolymerisation and a number of techniques can be used. Measuring the volume or 
pressure of the H2 gas released as a function of time can provide kinetic information along 
with information on the number of equivalents of dihydrogen released. Using deuterated 
amine-boranes allows for the calculation of kinetic isotope effects which can be supported by 
computational studies.138 The disubstituted amine-borane Me2NH·BH3 is commonly used as a 
model system for this step as it forms the easily identified cyclic dimer [H2B–NMe2]2 as the 
almost exclusive product. 
Metal-catalysed dehydrogenation of amine-boranes has been reported to proceed via one of 
three routes: (a) inner sphere B–H/N–H activation; (b) ligand-assisted cooperative 
mechanism; or (c) hydride abstraction/boronium co-catalysis (Figure 1.12). Each case involves 
the formation of a σ-amine-borane complex with a 3-centre 2-electron M–H–B interaction.30 
The study of aminoborane monomers is challenging due to their instability with respect to 





metal centres72,139–141 and it is possible, under certain conditions, to use cyclohexene as a 
trapping reagent which undergoes hydroboration to yield RHN=BCy2 (R = H, Me). There is, 
however, a dependence on the relative rates of hydroboration vs polymerisation.142  
 
Figure 1.12 Metal-catalysed dehydrogenation of amine-boranes: a inner sphere B–H/N–H activation; b ligand 
assisted cooperative mechanism; or c hydride abstraction/boronium co-catalysis.30 
Following dehydrogenation of the amine-borane a polymerisation step must occur. A 
chain-growth process can be identified by high molar mass material forming at low conversion 
with gradual monomer consumption. In contrast in step-growth polymerisations high molar 
mass material is only detected at high conversions. A decrease in molar mass of the material 
formed at a greater catalyst loading is indicative of a chain-growth mechanism as there is an 
increase in the number of active sites per monomer.143 
Several mechanisms for the B–N coupling of aminoborane monomers have been reported. 
The first is a coordination/ dehydrogenation/ insertion chain-growth mechanism.53,69 This 
process is analogous to the chain-growth mechanism for single-site olefin polymerisation.144 
The rhodium system [Rh(Xantphos){H2BNMe3(CH2)2tBu}][BArF4] is suggested to proceed via 
this mechanism.145 The observation of an induction period suggested that an active species is 
formed from the precatalyst and this is proposed to be a Rh-amidoborane. Subsequently 
MeNH2·BH3 coordinates to, and is dehydrogenated by, the active Rh centre to yield 
MeHN=BH2 which inserts into the polymer chain at the metal centre (Figure 1.13). A 
chain-growth process was proposed based on high molar mass material forming at low 
conversion and an increase in catalyst loading resulting in lower molar mass material. It is 
suggested that hydrogen acts a chain transfer agent as carrying out the polymerisation under 





fluorobenzene, as the solvent allowed for the synthesis of higher molar mass material and 
this is attributed to THF reducing the probability of chain transfer events. 
 
Figure 1.13 Mechanistic proposal for the dehydropolymerisation of MeNH2·BH3 using 
[Rh(Xantphos){H2BNMe3(CH2)2tBu}][BArF4] catalyst.145 
The second polymerisation mechanism is a dehydrogenation/ insertion via sigma-bound 
complexes which undergo reversible chain-transfer. This mechanism has been proposed for the 
dehydropolymerisation of NH3·BH3 using [IrH2(H2)2(PCy3)2][BArF4] (BArF4  =  [B(3,5-(CF3)2C6H3)4])  
(Figure 1.14).146 The reaction of [IrH2(H2)2(PCy3)2][BArF4] with 10 equiv. of NH3·BH3 resulted in 
metal-bound oligomers [Ir(PCy3)2(H)2{η2-H3B·(H2N–BH2)n·NH3}][BArF4] (n = 1– 4) which were 
detected using ESI-MS. The solid state structures of [Ir(PCy3)2(H)2{η2-H3B·(H2N–BH2)n·NH3}][BArF4] 
(n = 0 and 2) were obtained and confirmed the η2 binding mode of the amine-borane. The 
addition of extra equivalents of NH3·BH3 to [Ir(PCy3)2(H)2{η2-H3B NH3}][BArF4] resulted in a 
mixture of [Ir(PCy3)2(H)2{η2-H3B·(H2N–BH2)n·NH3}][BArF4] (n = 1 - 3) together with free 
H3B·(NH2–BH2)n·NH3. This suggested that the sigma bound oligomeric units are weakly bound and 
can be displaced by additional amine-borane to undergo reversible chain-transfer. Computational 
studies provided evidence that the polymerisation is an on-metal process as the initial 
dehydrogenation of NH3·BH3 is higher in energy than both the dehydrogenation of a second 





MeNH2·BH3 and Me2NH·BH3 were reacted with [IrH2(H2)2(PCy3)2][BArF4], the species 
[Ir(PCy3)2(H)2{η2-H3B·(MeHN–BH2)n·NMeH2}][BArF4] (n = 0 and 1) and 
[Ir(PCy3)2(H)2{η-(Me2N-BH2)}][BArF4] were detected with no higher oligomers.72,147 This 
suggested that steric factors play an important role in the B–N coupling.  
  
Figure 1.14 Mechanistic proposal for the dehydropolymerisation of NH3·BH3 using [IrH2(H2)2(PCy3)2][BArF4] 
catalyst.146 
A third polymerisation mechanism has been proposed in which separate metal-centres are 
responsible for the dehydrogenation and polymerisation steps. Although the polymerisation is 
still metal-mediated, systems proceeding via this mechanism show no clear correlation 
between molecular weight and catalyst loading due to the dual role of the metal-centres. A 
combination of experimental studies by Manners et al. and computational studies by Paul et al. 
suggest that the polymerisation of NH3·BH3 using IrH2POCOP (POCOP = [η3-1,3-(OPtBu2)2C6H3]),  
proceeds by this mechanism.78,148 It is proposed that the metal centre acts to dehydrogenate 





η2 coordination mode.149 The complex [Ir(POCOP)(H)2(H2N–BH2)] acts as a chain initiator 
species in which the terminal amine undertakes nucleophilic attack on a free aminoborane unit 
resulting in fast head-to-tail B–N bond formation (Figure 1.15). The addition steps were 
calculated to be strongly exergonic resulting in a low energy oligomerisation pathway. A similar 
mechanism with nucleophilic chain-growth has been reported for the {Rh-(Xantphos-R)} 
(R = iPr) catalysed dehydropolymerisation of MeNH2·BH3.150 
 
Figure 1.15 Mechanistic proposal for the polymerisation of H2N=BH2 using IrH2POCOP catalyst. A separate 
metal-centre is responsible for the dehydrogenation of NH3·BH3. 
In 2018 our group reported a titanium catalyst, formed from the in situ reaction of TiCl2Cp*2 
(Cp* = [η5-C5Me5]-) with two equivalents of nBuLi, which dehydropolymerises MeNH2·BH3 via 
a step-growth, rather than chain-growth, polymerisation. The evidence for the step-growth 
mechanism is the observation of high molar mass material only at high conversions, a higher 
degree of polymerisation with higher catalyst loading, and the observation that treating 
isolated low molar mass material with catalyst afforded high molar mass polymer.80 Following 
this, a well-defined Ti(III) complex, Cp*2TiMe, has been reported as the first isolable 
early-metal catalyst for the dehydropolymerisation of primary amine-boranes. Preliminary 
mechanistic studies using Me2NH·BH3 as a model system suggest a bond 
metathesis/β-hydride elimination, redox neutral mechanism with a Ti(III)-H resting state.81 
1.5.2 Mechanisms of transition-metal mediated phosphine-borane 
dehydropolymerisation  
There have been significantly fewer studies reported on the mechanism of the 
dehydropolymerisation of phosphine-boranes as opposed to amine-boranes.31 The 
polymerisation of phosphine-boranes using [Rh(µ-Cl)(1,5-cod)]2 (COD = 1,5-cyclooctadiene) is 





step-growth mechanism. This assertion is based on studies of the dehydrocoupling of the 
adduct Ph2PH·BH3 and the dehydropolymerisation of RPH2·BH3 (R = Ph, iBu, p-nBuC6H4 and 
p-dodecylC6H4), where high molar masses were achieved only at high conversion.49,132,151 For 
the dehydrocoupling of Ph2PH·BH3 no suppression of activity was observed upon either the 
addition of excess mercury, a known poison for heterogeneous catalysts through the 
formation of an amalgam or adsorption on the catalyst surface, or the addition of 
0.5 equivalents of PPh3. A heterogeneous system can be poisoned by <1 equivalent of ligand 
(per metal atom) as only a fraction of the metal atoms are on the surface. Additionally no 
reduction in the rate of dehydrocoupling was observed after filtration of the reaction mixture 
through a 0.5 μm filter, no induction period was observed and there was no evidence of a 
black metallic precipitate forming.152 These experimental results suggest the dehydrocoupling 
proceeds through a homogeneous catalytic process. The necessity of carrying out the 
polymerisation of the primary phosphine-boranes in the melt-phase makes the observation 
of intermediates challenging; however,  a step-growth mechanism was proposed based on 
the observation that high conversions of monomer (>99%) were required to produce high 
molar mass polymers and this was challenging to achieve due to increased viscosity in the 
melt phase.132 
In 2012 Weller et al. reported the first detailed mechanistic study of a rhodium catalysed 
reaction in which the catalyst [Rh(COD)2][BArF4] (BArF4 =  [B(3,5-(CF3)2C6H3)4]-)   was used to 
dehydrocouple the secondary phosphine-borane, tBu2PH·BH3, under melt conditions to give 
the linear dimer tBu2PH·BH2–PtBu2·BH3 as the major product. Upon dissolving in 1,2-F2C6H4 
the cations [Rh(tBu2PH)2(η6-F2C6H4)]+ and [Rh(tBu2PH)2(η2-H3BtBu2PBH2tBu2PH)]+ were 
observed using ESI-MS. Substitution of the COD ligands by in situ generated tBu2PH occurred, 
presumably from the cleavage of the P–B bond of the phosphine-borane at the Rh centre. 
Independently synthesised [Rh(tBu2PH)2(η6-F2C6H4)]+ was found to catalyse the 
dehydrocoupling at the same rate as the precatalyst and was predicted to form through the 
reaction of [Rh(tBu2PH)2]+ with solvent. [Rh(tBu2PH)2]+ has been identified as the active 
species.153  
Further mechanistic studies using the more stable precatalyst with a chelating phosphine 
ligand, [Rh(dppp)(η6-C6H5F)][BArF4] (dppp = Ph2P(CH2)3PPh2), were carried out.154 Reaction of 





[Rh(dppp)H(σ,η-PPh2BH3)(η1-H3B·PPh2H)][BArF4] in which one phosphine-borane undergoes a 
P–H activation and forms a B–H agostic interaction  with the metal, and the other is a B–H 
σ-bound ligand. Over a short period of time B–P dehydrocoupling occurred to give a RhIII 
diboraphosphine complex. When substrates with more electron withdrawing aryl groups are 
used the dehydrocoupling occurs more rapidly and vice versa when more electron donating 
aryl groups are used.155 [Rh(dppp)(η6-C6H5F)][BArF4] was also reacted with the primary 
phosphine-borane CyPH2·BH3 and intermediates analogous to those with Ph2PH·BH3 were 
observed. The isolation of diastereomers of [Rh(dppp)(H)(σ,η2-PCyH·BH2–PCyH·BH3)][BArF4] 
in a 6:1 ratio suggests that diastereoselectivity is imparted by the metal. 
 
Figure 1.16 Mechanistic proposal for the dehydrocoupling of Ph2PH·BH3 and CyPH2·BH3 using 
[Rh(dppp)(η6-C6H5F)][BArF4] catalyst.154 
 [RhCp*(PMe3)Me(ClCH2Cl)][BArF4] has proven to be an effective catalyst for the 
dehydropolymerisation of PhPH2·BH3 in solution and was the focus of a mechanistic study by 
Weller et al. in 2016.120 The combination of using secondary phosphine-boranes as model 
systems and computational studies showed that B–H activation precedes P–H activation to 
give a phosphidoborane complex [RhCp*(PMe3)(PhHPBH2)] as the active species. A 
step-growth mechanism via a reversible chain transfer was predicted (Figure 1.17). Evidence 
for this was rapid consumption of PhPH2·BH3 with a significant quantity of the linear dimer 






Figure 1.17 a Mechanistic proposal for the synthesis of the active species in the reaction between PhPH2·BH3 
and [RhCp*(PMe3)Me(ClCH2Cl)][BArF4]; and b proposed reversible chain-transfer polymerisation. 
The iron precatalyst [CpFe(CO)2(OTf)], reported by Manners et al. in 2015, and capable of 
solution based dehydropolymerisation of phosphine-boranes has also been the subject of 
mechanistic studies.118 The system was determined to be homogenous using the PMe3 
poisoning experiment and the observation that no conversion of phosphine-borane occurred 
upon the addition of previously generated Fe nanoparticles. A chain-growth polymerisation 
mechanism was suggested as high molar mass polymer is detected at low conversion and 
there is an inverse relationship between catalyst loading and molar mass.  The 
phosphidoborane complex [CpFe(CO)2(PPhHBH3)] was formed by a stoichiometric reaction 
between [CpFe(CO)2(OTf)] and PhPH2·BH3 and was shown to be equally active for the 
dehydropolymerisation. This observation suggests that the active catalyst is formed via ligand 
displacement and P–H activation. This was followed by release of CO to give a B–H agostic 
phosphidoborane complex [CpFe(CO)(κ2-P,H-PPhHBH3)]. After formation of the 
phosphidoborane complex a second monomer coordinates to the Fe centre followed by 
activation of a B–H bond and formation of a B–P bond by insertion into the [Fe]–P bond. P–H 
activation was proposed to occur to produce H2 and form a new Fe–P bond, prior to 
elimination of dihydrogen from the metal centre which opens up a site for coordination of 






Figure 1.18 Mechanistic proposal for the dehydrocoupling of PhPH2·BH3 using [CpFe(CO)2(OTf)] catalyst.118 
1.5.3 Mechanism of metal-free synthesis of polyaminoboranes and 
polyphosphinoboranes 
Recent work has reported that it is possible to synthesise high molar mass polyaminoboranes 
and polyphosphinoboranes using metal-free routes, indicating that it is not necessary to have 
a metal catalyst to mediate the polymerisation process.  
A collaboration between our group and the Scheer group reported the synthesis of [tBuHP–BH2]n 
through the thermolysis of tBuPHBH2·NMe3 (Section 1.4.2.3) which released the 
phosphinoborane monomer tBuHP=BH2.123 Alcaraz et al. reported the synthesis of [RHN–BH2]n 
(R = Me, Et, nPr, nBu, allyl) using iPr2N=BH2 as a BH2 transfer agent with primary amines to 
form the aminoborane monomers RHN=BH2 (Section 1.3.2.2).92 In each case it is predicted 
that the monomers released undergo a spontaneous head-to-tail polymerisation, however, 






Figure 1.19 Head-to-tail polymerisation of aminoboranes and phosphinoboranes. 
1.6 Carbenes  
Carbenes, :CR2, are neutral species with six valence electrons, four of which are involved in 
the C–R bonds. Such species are typically highly reactive, due to coordinative unsaturation, 
resulting in their widespread use in bond activation and catalysis.156 Carbenes have been the 
focus of much research, particularly in organometallic chemistry, and in 2005 the Nobel Prize 
in Chemistry was awarded to Grubbs and Schrock for their work on olefin metathesis with 
“Schrock-type” carbene (metal-alkylidene) complexes.157 
Carbenes can adopt either a linear or bent structure. The linear structure can be viewed as 
sp-hybridised at carbon with two degenerate, non-bonding orbitals, px and py. The bent 
structure, by contrast, is sp2-hybridised, resulting in the px orbital (now known as σ) gaining 
s-character, and thus being stabilised; the energy of the py orbital (now known as pπ) remains 
unchanged (Figure 1.20). The relative pπ and σ orbital energies, along with the pairing energy, 
determine whether carbenes adopt singlet or triplet ground states. On the basis of Hund’s 
rule the triplet state is more stable for linear systems;158 however, as the energy gap between 
the orbitals increases the singlet state becomes more energetically favourable. Hoffman 
calculated that if ΔE > 46 kcal mol-1 the carbene will be a singlet and if ΔE < 35 kcal mol-1 the 
carbene will be in the triplet state (where ΔE = Etriplet – Esinglet).159 
  
Figure 1.20 a Molecular orbital diagram of linear and bent carbenes; and b illustrative representation of the 
occupation of the orbitals in triplet and singlet carbenes.160  
Both the steric and electronic properties of a carbene can be varied. Electron withdrawing 
substituents lower the energy of the σ orbital via inductive effects resulting in an increased 





energy of the pπ orbital through mesomeric effects but do not affect the σ orbital, again 
raising the HOMO/LUMO gap. In addition, through incorporation of the carbene into a cyclic 
system, the HOMO takes on more s-character, as a result of the decreased R–C–R bond angle, 
lowering its energy and thereby promoting a singlet ground state. 
Following the report by Bertrand et al. of the first bottleable carbene, 
[bis(diisopropylamino)phosphino](trimethylsilyl)carbene161 numerous examples of different 
types of carbene have been isolated.162,163 The carbenes utilised in this thesis are nitrogen 
heterocyclic carbenes (NHCs) and cyclic (alkyl)(amino)carbenes (CAACs), thus these will be 
focussed on in this introduction. 
1.6.1 Nitrogen heterocyclic carbenes (NHCs) 
Wanzlick recognised in the 1960s that the stability of carbenes could be enhanced through 
the use of amino substituents which exhibit both σ-withdrawing and π-donating properties - 
the so-called ‘push-pull’ effect (Figure 1.21a). By additionally employing a cyclic backbone, 
the preparation of 1,3-diphenylimidazolidin-2-ylidene was targeted; however, instead of the 
free carbene, the dimerisation product, a tetra(amino) olefin was formed.164 It was not until 
1991 that Arduengo reported the first isolable NHC, 1,3-di-1-adamantyl-imidazol-2-ylidene. 
This carbene was incorporated into an unsaturated nitrogen heterocycle (Figure 1.21b).165 
Bulky adamantyl substituents provide kinetic stability and reduce the propensity for 
dimerisation.  
 
Figure 1.21 a The ‘push-pull’ effect demonstrated in a diamido-substituted carbene; and b the first isolated NHC.165 
An NHC is a singlet diamino carbene in which the nitrogen lone pair donates into the empty 
pπ orbital, increasing the energy of the LUMO. The energy of the carbene lone pair 
(HOMO σ orbital) is lowered through the inductive effect of the two electronegative nitrogen 
atoms. The free NHC is usually synthesised through deprotonation of the corresponding 







Scheme 1.12 Synthesis of NHCs by deprotonation of imidazolium salts.166   
1.6.1.1 Reactivity and applications of NHCs  
NHCs exhibit ambiphilic behaviour due to the simultaneous presence of a filled σ orbital and 
empty pπ orbital on the carbenic carbon, enabling Lewis basic and Lewis acidic character on 
the same atom. Variation of the nitrogen substituent allows alteration of the steric influences 
of the NHC166 and changing the backbone, for example changing the degree of saturation or 
altering the substituents, allows the electronic donation properties of the carbene to be 
adjusted.167  The synthesis of a huge library of NHCs has allowed the chemistry of these 
species to be explored and they have displayed uses in a broad range of applications.156 
NHCs are versatile, widely used ligands in modern organometallic chemistry.166 The strong 
σ-bonding and comparatively weak π-accepting properties can be compared to those of 
phosphines. There are, however, a number of differences between the ligands. In general, 
NHCs are more electron-donating than phosphines and thus form stronger and shorter 
metal-ligand bonds than phosphines. Additionally, NHCs are generally more sterically 
demanding as the nitrogen substituents are orientated towards the metal centre and it is 
synthetically easier to vary their steric and electronic properties.168 
NHCs are versatile, widely used ancillary ligands in homogeneous transition-metal catalysis of 
organic transformations such as cross-coupling,169,170 olefin metathesis171,172 and asymmetric 
catalysis173 to name a few.174 They also display uses in materials chemistry175 for example as 
coordination polymers,176 photoactive materials,177 liquid crystals178 and metal-organic 
frameworks.179 There have been a number of reports of the medicinal application of 
NHC-transition metal complexes, in particular Ag(I)-NHCs have shown promise as 
antibacterial and anticancer agents.180 
NHCs also coordinate strongly to a range of p-block elements181 and a number of applications 
of these adducts have been reported including stabilisation of low oxidation states182 and 
radical species183 and as frustrated Lewis pairs.184 The ability of NHCs to coordinate to 
carbon-electrophiles gives rise to another major application class as organocatalysts,185,186 





There are also examples of NHCs acting as hydrogen acceptors (Scheme 1.13a)189 and an NHC 
has been reported to facilitate the reductive P–P coupling of both primary and secondary 
phosphines (Scheme 1.13b).190 
 
Scheme 1.13 a NHC dehydrogenation of an amine-borane; and b NHC facilitating the dehydrocoupling of 
phosphines. 
1.6.2 Cyclic (alkyl)(amino)carbenes CAACs  
In 2005 Bertrand et al. pioneered the synthesis of CAACs.191 These are a new family of 
carbenes displaying a similar structure to NHCs, but with one of the σ-withdrawing and 
π-donating amino substituents being replaced by a σ-donating, but not π-donating, alkyl 
group. This substitution increases both the π-electrophilicity and σ-nucleophilicity relative to 
NHCs (Figure 1.22) and the resulting electronic structure is reflected in NMR data.162 The 
carbenic carbon of the free carbene has very low-field shift (13C > 300 ppm) and 
CAAC-phosphinidene adducts have a very distinctive low-field 31P shift.192  The presence of a 
quaternary carbon at an α position to the carbene results in a very different steric 






Figure 1.22 Relative HOMO and LUMO energies of NHC (left) vs CAAC (right). 
The sp3 carbon centre adjacent to the nitrogen in a CAAC precursor salt must be quaternary 
to avoid competing deprotonation; however, the substituents R1 and R2 (Scheme 1.14) are 





nitrogen substituent in CAACs than mesityl (Mes) as when the latter is used there is competing 
deprotonation of the methyl substituents of the Mes group.193 The most economical synthesis 
is via the hydroimination route (Scheme 1.14) where the salt can be synthesised in up to 80% 
yield, and the final deprotonation step to form the carbene is quantitative.194  
 
Scheme 1.14 Synthesis of CAACs through the hydroamination route.194 
1.6.2.1 Reactivity and applications of CAACs 
Many uses of CAACs in chemistry have been reported and extensively reviewed162,193 including: 
(1) as ligands for the stabilisation of low-valent transition-metal compounds,195 (2) in the 
stabilisation of unusual diamagnetic and paramagnetic main group species151 and (3) in small 
molecule activation. In contrast to NHCs, CAACs have not yet found a use in organocatalysis as 
their strong basicity results in them displaying poor leaving group properties.193 
Their strong π-accepting properties has allowed the synthesis of low valent metal compounds 
that have not been accessible using NHCs. An example of which is the isolation of (CAAC)2Be 
as the first example of a neutral zero-valent s-block metal compound (Scheme 1.15).196 
 
Scheme 1.15 Synthesis of (CAAC)2Be.196 
CAACs have been shown to be superior to NHCs in the stabilisation of radical species. This is 
attributed to both their stronger σ-donating and π-accepting properties combined with the 
presence of the quaternary carbon adjacent to the carbene centre increasing the steric 





in a non-radical monomeric form, whereas SiCl2 stabilised by two CAACs [(CAAC·)2SiCl2] exists 
as a biradical species (Scheme 1.16).198,199 
 
Scheme 1.16 Synthesis of a CAAC coordinated biradical.191 
The most relevant property to the work discussed in this thesis, is the ability to activate small 
molecules, e.g. CO,200 H2,201 and P4202 and E–H bonds (E = N, Si, B, P, C, O),201,203–205 at the carbene 
centre under mild conditions (Figure 1.23). This is possible due to the ambiphilicity of the carbene 
centre and demonstrates that oxidative addition can occur; however, a catalytic system involving 
only a CAAC has yet to be realised since the high strength of the C–H bonds resulting from 
substrate activation prevents reductive-elimination or insertions following oxidative-addition.193  
 





Notably in 2017 Radius and Marder used NMR studies to report the first example of reversible 
oxidative-addition of organoboronate esters at the CAAC carbene centre, opening up avenues 
for CAACs to be used in a catalytic manner.206 
1.7 Thesis summary and acknowledgement of collaborators 
The work described in this PhD thesis is a compilation of research projects which focus on 
new synthetic routes towards polyphosphinoboranes and explores the carbene initiated 
depolymerisation of polyaminoboranes. This thesis comprises four results chapters along 
with an outlook chapter which highlights the impact of this work and discusses future 
potential research directions. The chapters are organised as follows: 
 Chapter 2 describes the metal-free dehydropolymerisation of phosphine-boranes 
using cyclic (alkyl)(amino)carbenes as hydrogen acceptors.  
 Chapter 3 details the use of Ni(COD)2 as a catalyst for the dehydropolymerisation of 
phosphine-boranes.   
 Chapter 4 explores the carbene-mediated depolymerisation of 
poly(N-methylaminoborane) [MeHN–BH2]n. 
 Chapter 5 discusses attempts of expanding the substrate scope of the work discussed 
in Chapter 2 and explores the reactivity of the adduct IDipp–BH2NMeH. 
In accordance with the system implemented by Prof. Ian Manners, each chapter of this thesis 
has been written in the form of a self-contained manuscript that may be published in 
peer-reviewed scientific literature. The majority of the work in this thesis was carried out by 
the author; however, in the spirit of collaboration the work has benefitted from contributions 
of colleagues from within the Manners’ group and external collaborators. These contributions 
are outlined below: 
Chapter 2 has been reproduced almost without modification from Nature Communications, 
2019 ,10, 1370. Initial work was carried out under the lab direction of Dr. Saurabh S. Chitnis. 
Dr. Vincent T. Annibale was responsible for the synthesis of 2.4a and 2.4b. Dr. Marius I. Arz 
performed the DFT calculations. X-ray crystallography was performed by 





Chapter 3 contains as of yet unpublished results. X-ray crystallography was performed by 
Dr. Brian O. Patrick and Dr. Etienne A. LaPierre.  Air sensitive mass spectrometry was 
performed by Dr. Tyler Trefz. 
Chapter 4 contains as of yet unpublished results. Low temperature NMR was carried out by 
Chris Arthur. Dr. Hazel A. Sparkes and Dr. Vincent T. Annibale performed X-ray 
crystallography.  
Chapter 5 contains as of yet unpublished results. Dr. Hazel A. Sparkes and 
Dr. Etienne A. LaPierre performed X-ray crystallography. Air-sensitive mass spectrometry was 
performed by Dr. Tyler Trefz. Solid state NMR was performed by Dr. Eric Ye and powder XRD 
was performed by Anita Lam. 
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Chapter 2  
Metal-free dehydropolymerisation of 
phosphine-boranes using cyclic 
(alkyl)(amino)carbenes as hydrogen 
acceptors 
2.1 Abstract 
The divalent carbene carbon centre in cyclic (alkyl)(amino)carbenes (CAACs) is known to exhibit 
transition-metal like insertion into E–H -bonds (E = H, N, Si, B, P, C, O) with formation of new, 
strong C–E and C–H bonds. Although subsequent transformations of the products represent an 
attractive strategy for metal-free synthesis, few examples have been reported. Herein we 
describe the dehydrogenation of phosphine-boranes, RR’PH·BH3, using a CAAC, which behaves 
as a stoichiometric hydrogen acceptor to release monomeric phosphinoboranes, [RR’P–BH2], 
under mild conditions. The latter species are transient intermediates that either polymerise to 
the corresponding polyphosphinoboranes, [RR’P–BH2]n (R = Ph; R’ = H, Ph or Et), or are trapped 
in the form of CAAC-phosphinoborane adducts, CAAC·H2BPRR’ (R = R’ = tBu; R = R’ = Mes). In 
contrast to previously established methods such as transition-metal catalysed 
dehydrocoupling, which only yield P-monosubstituted polymers, [RHP–BH2]n, the 
CAAC-mediated route also provides access to P-disubstituted polymers, [RR’P–BH2]n 
(R = Ph; R’ = Ph or Et).  
2.2 Introduction 
Polymers that feature p-block elements other than carbon in the main chain are interesting 
materials due to their potential uses as elastomers, etch-resists in lithography, 
polyelectrolytes, ceramic precursors and in optoelectronics.1–4 Earlier syntheses of inorganic 
polymers were achieved by the use of polycondensation and ring-opening methods.1,2,5 Access 
to stable yet reactive, polymerisable, multiply bonded p-block monomers required for 
addition polymerisation remains a major challenge in the synthesis of inorganic polymers.6–8 
More recently metal-catalysed coupling routes have been developed for accessing a broad 





dehydrocoupling between main group substrates has been shown to be a versatile method 
for the general formation of E–E’ bonds, which can be also used to access polymers via 
catalytic dehydropolymerisation.15–20 
Polyphosphinoboranes attracted initial interest in the 1950s as a result of their potential as 
flame-retardant materials with high thermal stability.21–23 Attempts to dehydrocouple 
phosphine-borane adducts under thermal conditions yielded either low molecular weight or 
poorly soluble materials which lacked convincing structural characterisation by modern 
standards.2,24,25 Since 1999 a rhodium-catalysed dehydrocoupling approach to prepare 
soluble, high molar mass (P-monosubstituted)polyphosphinoboranes has been available.26–28 
Examples of iron and iridium-catalysed dehydrocouplings have also been reported as routes 
to high molar mass poly(arylphosphinoboranes) (Scheme 2.1a).29,30 Notably, these transition 
metal-catalysed protocols all require forcing conditions (≥ 100 °C,  ≥ 20 h) and their scope is 
currently limited to the dehydrocoupling of primary arylphosphine-boranes, RPH2·BH3 (R = 
aryl). More recently, from our collaboration with Scheer and co-workers a metal-free synthesis 
of polyphosphinoboranes through the thermolysis of amine-stabilised phosphinoboranes, 
RR’PBH2·NMe3 was reported to proceed under milder conditions 22 - 40 oC.31,32 This route 
successfully produced high molecular weight poly(tert-butylphosphinoborane), [tBuHP–BH2]n, 
presumably via the monomeric phosphinoborane [tBuHP–BH2], but the precursors are 
challenging to prepare and attempts to access the P-disubstituted 
poly(diphenylphosphinoborane), [Ph2P–BH2]n, by the thermolysis of Ph2PBH2·NMe3, yielded 
only very low molecular weight oligomers [Ph2P–BH2]x (x  ≤ 6) (Scheme 2.1b). The development 
of convenient and efficient dehydrocoupling of secondary phosphine-borane adducts to give the 
corresponding polymers therefore remains an open challenge. Herein we demonstrate the 







Scheme 2.1 a and b Current methods of synthesising polyphosphinoboranes; and c proposed CAAC-mediated 
dehydrogenation. 
Cyclic (alkyl)(amino)carbenes (CAACs) are analogues of N-heterocyclic carbenes (NHCs) with one 
of the electronegative amino substituents replaced by a strong -donating alkyl group, which 
simultaneously increases the nucleophilicity and electrophilicity at the divalent carbene carbon 
centre.33–36 The resulting small HOMO–LUMO gap of CAACs has allowed E–H 
(E = H, N, Si, B,  P, C, O) bond activation by formal oxidative-addition to the carbene carbon centre 
for a variety of small molecules under mild conditions, with this process giving products featuring 
a H–C(sp3)–E moiety;37–42 however, the strength of the resulting C(sp3)–H and C(sp3)–Ebonds 
disfavours further reactivity of the H–C(sp3)–E products, limiting the ability of CAACs to mimic 
transition metal centres in synthetic utility. 
We envisioned that a CAAC-mediated dehydrogenation of primary and secondary 
phosphine-boranes, species that contain both protic P–H and hydridic B–H bonds, may be 
possible (Scheme 2.1c). Dehydrogenation of phosphine-boranes using this strategy leads to 
reactive phosphinoborane monomers which, given appropriate substituents at the 






2.3 Results and Discussion  
2.3.1 Reactivity of IDipp with PhPH2·BH3 and Ph2PH·BH3 
The synthesis of monomeric aminoborane-NHC adducts (NHC-BH2NHR) has been reported 
both through the use of an NHC for ambient temperature dehydrogenation of amine-boranes 
(RNH2·BH3 R = H, Me)43 and NHC-induced depolymerisation of poly(N-methylaminoborane).44 
More recently analogous species featuring the use of NHCs to stabilise phosphinoborane 
monomers have been isolated using NHC-induced thermal depolymerisation of 
polyphosphinoboranes.45 Consequently, prior to investigating the reactivity of 
phosphine-boranes with CAACs, we explored the dehydrogenation potential of NHCs. 
Upon addition of one equivalent  of IDipp (IDipp = 1,3-bis(2,6-diisopropylphenyl)-1,3-
dihydro-2H-imidazol-2-ylidene)  to a solution of PhPH2·BH3 in THF a homogeneous solution 
was formed after 10 min and analysis of the reaction mixture by 31P and 11B NMR spectroscopy 
showed complete conversion to a new species (δP = -84.2 ppm (br), δB = -33.4 ppm (dq) in THF) 
(Figure S2.2 and Figure S2.3). The similarity of these spectral features to those observed for 
Li[PhPHBH3] (δP = -93.8 ppm (d), δB = -34.6 ppm (dq) in THF),46 an analogous compound with a 
different cation, is consistent with deprotonation of PhPH2·BH3 by IDipp to yield the salt 
[IDippH][PhPHBH3] (2.1a) (Scheme 2.2a). The formation of this salt was further confirmed by 
an independent synthesis via a metathesis reaction in THF between [IDippH]Cl and 
Li[PhHPBH3]. This showed 11B and 31P NMR spectral features that matched those assigned to 
2.1a along with precipitation of LiCl (Scheme 2.2b). The 13C NMR spectrum of 2.1a showed no 
1JCP couplings involving the iminium carbon atom, which, together with the downfield 
chemical shift in the 1H NMR spectrum of the imidazolium proton (δH = 10.0 ppm) (Figure 
S2.1), supports an ionic formulation for this species in solution. When Ph2PH·BH3 was reacted 
with IDipp the analogous salt [IDippH][Ph2PBH3] (2.1b) was formed and subsequently 
characterised using X-ray crystallography (Figure 2.1). 
 
Scheme 2.2 a Synthesis of 2.1a and 2.1b by deprotonation of the phosphine-borane using IDipp; and b 






Figure 2.1 Thermal ellipsoid plot of 2.1b. Ellipsoids are shown at the 30% probability level. Second molecule of 
2.1b and THF solvent molecules from the asymmetric unit, along with H atoms other than those bound to C1 
and B1 have been omitted for clarity. 
2.3.2 Reactivity of CAACMe with PhPH2·BH3 
Next, we attempted the analogous reaction with a CAAC as the smaller HOMO-LUMO 
separation of CAACs renders them potentially better candidates for E–H bond activations. The 
P–H activation of PhPH2·BH3 by one equiv. of CAACMe  (Scheme 2.3a) occurred readily at 22 °C 
in THF to give 2.3a, which exists as two diastereomers (2.3a’ and 2.3a’’). The identity of 2.3a 
was initially established based on a distinctive doublet of quartet of doublets coupling pattern 
observed in the 1H NMR spectrum for the P–H protons (Figure S2.7). This assignment was 
further corroborated by an independent synthesis via a stepwise procedure involving 
oxidative-addition of PhPH2 to the carbene centre in CAACMe to yield 2.2a (as a mixture of 
diastereomers each with indistinguishable enantiomers by NMR spectroscopy), followed by 
addition of BH3·THF to give 2.3a (Scheme 2.3b). The two diastereomers of 2.3a were also 
formed immediately upon combining Li[PhPHBH3] and [CAACMeH]Cl through elimination of 
LiCl (Scheme 2.3c). In contrast to the results obtained in the reaction of [IDippH]Cl and 
Li[PhPHBH3] above (Scheme 2.2b), the lower steric hindrance and greater -acidity36 of the 
cation [CAACMeH]+ leads to the formation of a molecular species with a distinct P–C bond, 
rather than the corresponding iminium salt [CAACMeH][PhPHBH3]. The molecular formulation 
of 2.3a is supported by the observation of both 1JCP (1JCP = 41.0 Hz (2.3a’), 1JCP = 38.3 Hz (2.3a’’)) 
and 2JHP (2JHP = 4.2 Hz (2.3a’), 2JHP = 5.8 Hz (2.3a’’)) coupling constants in the 13C and 






Scheme 2.3 a Synthesis of 2.3a through oxidative-addition of PhPH2·BH3; b synthesis of 2.3a through stepwise 
reaction of PhPH2 then BH3·THF; and c synthesis of 2.3a through salt metathesis route. 
Attempts to crystallographically characterise 2.3a were unsuccessful as solutions in THF (0.10 M) 
spontaneously decomposed to a mixture of poly(phenylphosphinoborane) [PhHP–BH2]n and 
(CAACMe)H2 as shown by 1H, 11B and 31P NMR spectroscopy. Although only sensitive to low 
molar mass fractions,47 ESI-MS confirmed the formation of [PhHP–BH2]n (up to n = 22) by 
identifying repeat units of ∆(m/z) = 122 (molecular weight of PhHP–BH2 = 122.1). Isolation of 
pure [PhHP–BH2]n was achieved through precipitation of the reaction mixture into cold 
(−40 °C) hexanes to remove the hydrogenated carbene, (CAACMe)H2, which was also 
characterised by X-ray crystallography (Figure S2.26). In the present case, the eliminated 
phosphinoborane monomer [PhHP–BH2] polymerises, presumably due to the small size of the 
substituents at P and B. 
The influence of temperature, solvent and concentration upon the molar mass of the 
poly(phenylphosphinoborane) obtained was systematically investigated with a view of 
optimising the polymerisation conditions (Table 2.1) In each case ESI-MS and GPC analyses 
were carried out. ESI-MS clearly confirmed the presence of the [PhHP–BH2] monomeric repeat 
unit in each case and allowed us to detect the presence of either BH3 or PPhH2 end groups 
(Figure S2.21); however, due to only the low molar mass fraction being detected by the 
method, it is not possible to draw links between the reaction conditions and the degree of 
polymerisation using this data.47 In contrast GPC analysis permitted optimisation of the 
polymerisation conditions as this technique reveals the complete molar mass distribution. 





significant effect on the molar mass of the polymer obtained. Using a non-polar solvent 
(toluene) rather than THF (runs 3 vs 5) also had no significant effect on the polymer molar 
mass. It was found that at higher concentrations (run 2 vs 3 vs 4) a larger quantity of polymeric 
relative to oligomeric material was formed (Figure S2.16). This observation is consistent with 
head-to-tail polymerisation of transiently generated phenylphosphinoborane, [PhHP–BH2]. 
The reaction was also attempted under solvent-free, melt conditions at 110 °C (run 7) and, 
although high molar mass material was formed, the molar mass was no greater than that 
obtained using a concentrated solution at 60 °C. Due to concerns about the homogeneity of 
the reaction as a result of poor mixing, subsequent studies were performed in concentrated 
solutions rather than in the melt phase.   
Table 2.1 Influence of temperature, solvent and concentration on the formation of 
polyphenylphosphinoborane, [PhHP–BH2]n, in a closed system  
 
aTime taken for full conversion by 31P NMR spectroscopy bdegree of polymerisation measured by GPC 
cmeasured using GPC analysis dno high molecular weight material recovered after precipitation. 
2.3.3 Mechanistic studies into the dehydrogenation 
A series of experimental and density functional theory (DFT) studies have been undertaken to 
probe the mechanism of the dehydrogenation of PhPH2·BH3 with CAACMe. Several mechanisms 
for the generation of monomeric [PhHP–BH2] were considered and subsequently discounted 
(Section 2.3.3.3), based on experimental and computational evidence before the final 
mechanism discussed below was proposed and supported. Attempts to trap the released 





Time (h)a DPb Mn 
(Da)c 
PDIc 
1 22 THF 0.50 120 205 25,000 1.55 
2 60 THF 0.10 3 d d d 
3 60 THF 0.50 3 410 50,100 1.27 
4 60 THF 1.26 3 686 83,800 1.13 
5 60 toluene 0.50 3 290 35,400 1.28 
6 110 toluene 0.50 0.5 230 28,000 1.52 





2.3.3.1 Kinetic studies 
Kinetic studies were conducted to assess the proposed mechanisms. A plot of ln[2.3a] versus 
reaction time showed equivalent half-lives of 1.5 h (Figure S2.27) for several initial 
concentrations between 0.3 M and 0.7 M at 50 °C, indicating a first-order process in 2.3a. 
Monitoring the reaction at several temperatures between 22 °C and 60 °C allowed the 
enthalpy and entropy of activation to be calculated as 21.5 kcal mol-1 and -9.5 cal K-1 mol-1, 
respectively, consistent with a substantial energy barrier involving a relatively ordered 
transition state (Figure S2.29).  
2.3.3.2 DFT calculations 
DFT calculations were carried out at the PBE0/6-31+G(d,p)/IEFPCM(THF) level of theory50–52 
with an N-phenyl model system for the CAACMe (B) to further elucidate the dehydrogenation 
mechanism. Schematic illustrations of the calculated reaction pathways are depicted in Figure 
S2.30 and Figure S2.31 and the calculated structures and their energy eigenvalues are 
summarised in Table S2.3. A simplified schematic of the proposed pathway is shown in Figure 
2.2.  
Four initial reaction steps were considered: a) P–H activation, b) B–H activation, c) substitution 
at boron, and d) concerted P–H/B–H activation. Whereas pathways a), b) and c) could be 
modelled by the calculations, attempts to locate a concerted transition state (TS) leading to 
(CAAC)H2 and [PhHP–BH2] in one step (pathway d) were unsuccessful. The P–H activation step, 
which first involves deprotonation of the P–H bond by the CAAC, requires a significantly low 
activation barrier (TS1: 4.9 kcal mol−1; TS1’: 7.6 kcal mol−1) (Figure S2.30) when compared to 
B–H activation (TS2: 34.2 kcal mol−1) (Figure S2.31b) and nucleophilic substitution at boron 
(TS3: 26.2 kcal mol−1) (Figure S2.31a) (G0 values in THF are given). We therefore inferred that 
neither initial B–H activation nor nucleophilic substitution plays a role in product formation 
and focused on further pathways from the P–H proton transfer. 
Two transition states (TS1 and TS1’) were calculated for the deprotonation of PhPH2·BH3 (A), 
which differ in the spatial orientation of the CAAC (B) with respect to the phosphine-borane 
bearing a prochiral phosphorus atom. The structures of the formed ion pairs C-1pair and C-1’pair 
were derived by reverse intrinsic reaction coordinate (IRC) calculations and subsequent 
optimisation of the obtained structures. Note that the spatial orientation of [CAAC(H)]+ and 





C-1pair, indicating that the relative orientation present in C-1pair is favoured (see Table S2.3). In 
addition, attempts to structurally optimise C-1’pair with toluene as solvent furnished only the 
P–H activation product F’. 
Subsequent nucleophilic attack at the iminium carbon of the [CAAC(H)]+ cation by the phosphorus 
centre of the [PhPH(BH3)]− anion leads via TS4 to the SP,S (F) diastereomer of the P–H activation 
product, or via TS4’, to the other RP,S (F’) diastereomer, the latter being slightly higher in energy. 
Attempts to obtain structures for the contact ion pairs C-2pair and C-2’pair by reverse IRC 
calculations from TS4 or TS4’ and subsequent optimisation of the respective structures were 
unsuccessful and furnished back the P–H activation products F or F’, respectively. This is 
characteristic of a very flat progression of the potential energy hypersurface and suggests, in 
agreement with the experimentally found rapid formation of 2.3a, that the formation of F and 
F’ occurs with a very small activation barrier. F and F’ are kinetic products of the reaction. 
Significantly, this step is reversible via P–C dissociation. A slightly higher activation barrier was 
found for the dissociation of the SP,S diastereomer F via TS4 (G0 = 18.7 kcal mol−1, 
H0 = 20.2 kcal mol−1) compared to the dissociation of the RP,S diastereomer F’ via TS4’ 
(G0 = 16.6 kcal mol−1, H0 = 19.2 kcal mol−1), which is in agreement with the experimentally 
observed faster conversion of one diastereomer of 2.3a and in agreement with the 
experimentally derived enthalpy of activation for the overall reaction (H0 = 21.5 kcal mol−1). 
According to the calculations, the dissociation of the P–H activation products F or F’ via the 
transition states TS4 or TS4’ requires the highest activation energy in the overall mechanism, 
which is in agreement with the first-order rate law found for 2.3a by the kinetic measurements. 
The reversible P–C dissociation opens up a second reaction pathway from the contact ion pair 
(Cpair) leading to (CAAC)H2 (G) and [PhHP–BH2] (H) via B–H hydride abstraction from the 
[PhPH(BH3)]− anion by the -acidic [CAAC(H)]+ cation with a low activation barrier of 
5.3 kcal mol−1 (via TS5). The structure of the contact ion pair C-3pair was derived from a reverse 
IRC calculation from TS5 and subsequent optimisation of the obtained structure. Importantly, 
the dissociation of F or F’ followed by B–H hydride transfer to give [PhHP–BH2] (H) and 
(CAAC)H2 (G) requires a change in the spatial orientation of the [CAAC(H)]+ (D) cation with 
respect to the [PhPH(BH3)]− (E) anion, as evidenced from the different orientation found in 
C-3pair. A comparison of the energy differences of separated [CAAC(H)]+ (D) and 





energy differences of 2.1 kcal mol−1 in THF and 20.9 kcal mol−1 in toluene. This implies a 
considerably better stabilisation of the [CAAC(H)]+ (D) and [PhPH(BH3)]− (E) ions in THF and 
suggests a lower activation barrier for the change in the spatial orientation to access C-3pair in 
THF than in toluene, providing a rationale for the experimentally observed more rapid 
conversion of 2.3a into [PhHP–BH2]n and (CAACMe)H2 in THF compared to toluene. 
The six-membered heterocycle all-cis-(PhPHBH2)3 (L), containing all phenyl substituents in 
equatorial positions, was calculated to model the thermodynamic driving force for the 
polymerisation of [PhHP–BH2] (H) to [PhHP–BH2]n. The calculations show that the formation 
of the heterocycle is favoured by 25.6 kcal mol−1 with respect to the [PhPH-BH2] (H) monomer 
and the overall formation of all-cis-[PhHP–BH2]3 and (CAAC)H2 (G) from PhPH2·BH3 (A) and 
CAAC (B) is favoured by 52.7 kcal mol−1. 
Thus, the formation of [PhHP–BH2]n from 2.3a can be rationalised by the formation of 
transient [CAAC(H)]+ and [PhPH(BH3)]− ions via consecutive P–C bond scission and B–H hydride 
abstraction leading to (CAACMe)H2 and [PhHP–BH2], the latter undergoing polymerisation to 
thermodynamically favoured [PhHP–BH2]n. A further discussion of the proposed 






Figure 2.2 Simplified schematic reaction profile calculated for the reaction of N-phenyl CAAC (A) with 
PhPH2·BH3 (B) at the PBE0/6-31+G(d,p)/IEFPCM(THF) level of theory; Gibbs free energies for the second 
diastereomer are given in round brackets. C-1pair, C-2pair and C-3pair, which differ in the orientation of the ions, 
have been simplified to Cpair (For a comprehensive depiction of the reaction profile see Figure S2.30). 
The fact that the reaction between PhPH2·BH3 and IDipp stops at the [IDipp(H)]+ and 
[PhPH(BH3)]− ions (Scheme 2.2) can be traced back to the greater π-acidity of the [CAAC(H)]+ 
compared to the analogous [NHC(H)]+ cation, as suggested by the high exergonicity of the 
isodesmic reaction [CAAC(H)]+ + (NHC)H2  [NHC(H)]+ + (CAAC)H2 (ΔG0 = −66.8 kcal mol−1; 










2.3.3.3 Dehydrogenation mechanisms considered and subsequently discounted 
For completeness this section describes other proposed mechanisms along with explanations 
of why they were discounted. 
P–H activation followed by -bond metathesis 
 
Scheme 2.4 P–H activation followed by σ-bond metathesis. 
P–H activation to give 2.3a followed by a -bond metathesis step, where simultaneous B–H 
and C–P bond cleavage occurs, releasing the reactive monomer, [PhHP–BH2]. A similar hydride 
transfer mechanism has been reported previously for the conversion of an N-heterocyclic 
phosphinophosphine-borane to a mixture of N-heterocyclic phosphine and cyclic 
phosphinoboranes.53  This mechanism was ruled out using DFT as no concerted transition 
state leading to (CAACMe)H2 and [PhHP–BH2] could be located. 
P–H activation followed by H2 elimination 
 
Scheme 2.5 P–H activation followed by elimination of dihydrogen.  
P–H activation to give 2.3a followed by the formation of a five-centre transition state where 
the B–H hydride and C–H proton combine to eliminate H2 together with [PhHP–BH2] and 
CAACMe which subsequently reacts with H2 to give (CAACMe)H2. We were able to 
experimentally rule out this mechanistic proposal based on control experiments that showed 









Concerted hydrogen transfer 
 
Scheme 2.6 Concerted hydrogen transfer. 
The P–H activation to give 2.3a is reversible and there is an irreversible concerted hydrogen 
transfer from PhPH2·BH3 to CAACMe to give (CAACMe)H2 and [PhHP–BH2]. This mechanism was 
ruled out using DFT as no concerted transition state (TS) leading to (CAACMe)H2 and [PhHP–BH2] 
in one step could be located. 
B–H activation followed by σ-bond metathesis 
 
Scheme 2.7 B–H activation followed by σ-bond metathesis. 
The P–H activation to give 2.3a is reversible and the products are achieved via a B–H activation 
compound and undergo a σ-bond metathesis step where simultaneous P–H and C–B bond 
cleavage occurs. This mechanism was ruled out using DFT as the TS for the B–H activation step 
has a significantly higher energy barrier than for the P–H activation step (34.2 kcal mol-1 vs 






Homolytic cleavage of P–C bond 
 
Scheme 2.8 Homolytic cleavage of P–C bond. 
After 2.3a is formed homolytic cleavage of the P–C bond occurs to give a [CAACMe(H)]• and a 
[PhPH(BH3)]• radical. The mechanism was ruled out using DFT as the heterolytic cleavage of 
the P–C bond of the P–H activation product F (F’) to separated [CAAC(H)]+ (D) and 
[PhPH(BH3)]− (E) ions is energetically favoured compared to the homolysis to the [CAAC(H)]• 
and [PhPH(BH3)]• radicals. This is evident from a comparison of the computedG0 and H0 
values in THF, which strongly disfavour the involvement of radicals during the formation of 
monomeric [PhHP–BH2] (H). 
 (1) Heterolysis of F (F’): H0 = 35.3 (34.3), G0 = 20.7 (19.5) kcal mol−1 
(2) Homolysis of F (F’): H0 = 55.8 (54.8), G0 = 40.1 (38.9) kcal mol−1 
Intermolecular hydride abstraction with an iminium ion leading to a borenium ion 
 
Scheme 2.9 Intermolecular hydride abstraction. 
We considered an intermolecular hydride abstraction from 2.3a, using the [CAAC(H)]+ iminium 
ion, to give (CAACMe)H2 and a phosphinoborenium ion, which is subsequently converted to 
[CAAC(H)]+ and [PhHP–BH2] via P–C bond cleavage. The intermolecular hydride abstraction 
pathway requires the presence of an iminium ion which is formed by P–C bond dissociation of 
2.3a as discussed above. According to DFT studies the intermolecular hydride abstraction step 





(5.3 kcal mol-1) (Figure S2.30) is considerably lower than the energy associated with the 
hydride abstraction from 2.3a to give the phosphinoborenium intermediate (> 18 kcal mol-1) 
(Figure S2.32). Experimentally it was also found that the addition of [CAACMeH]Cl did not 
accelerate the reaction rate.   
2.3.4 Substrate Scope 
2.3.4.1 Polymerisation attempts of Ph2PH·BH3 and PhEtPH·BH3 using CAACMe and CAACCy 
Given the success with PhPH2·BH3 the scope of the CAACMe-mediated dehydropolymerisation 
was extended with the aim of targeting hitherto inaccessible high molar mass P-disubstituted 
polyphosphinoboranes. CAACMe(H)Ph2PBH3 (2.3b) was synthesised from Ph2PH·BH3 and 
CAACMe in THF (Scheme 2.10). Formation of 2.3b was also detected immediately upon 
combining Li[Ph2PBH3] and [CAACMeH]Cl, and through the stepwise addition of Ph2PH followed 
by BH3·THF to a solution of CAACMe.  
 
Scheme 2.10 CAACMe-mediated dehydrocoupling of Ph2PH·BH3. 
Heating a concentrated solution of 2.3b (2.5 M, 60 °C  and, 1 h, THF or toluene) effected 
complete conversion to (CAACMe)H2, the linear dimer Ph2PH·BH2–PPh2·BH3, cyclic oligomers 
[Ph2P–BH2]x (x = 3, 4), and the polymer [Ph2P–BH2]n as observed by 1H and 31P NMR 
spectroscopy (Scheme 2.10 and Figure 2.3a).54 Removal of (CAACMe)H2 and cyclic oligomers 
was achieved by precipitation into hexanes, but attempts to separate Ph2PH·BH2–PPh2·BH3 
and [Ph2P–BH2]n  proved unsuccessful. Nevertheless, ESI-MS analysis of the product after 
precipitation confirmed the presence of the repeat unit ∆(m/z) = 198 (molecular weight of Ph2P–
BH2 = 198.1, maximum value of n = 10) (Figure S2.35). GPC analysis, however, showed only a 
very small amount of high molar mass material. Interestingly when toluene, rather than THF, 
is used as the solvent a much smaller quantity of linear dimer is formed (Figure 2.3b). Under 
these conditions GPC analysis on the precipitated material showed a majority of low molar 
mass material (Mn = ca. 1,300 Da; Ð= 1.31) and a small amount (ca. 10%) of high molar mass 





With the aim of increasing the yield and amount of high molar mass material we investigated 
the use of the more reactive CAACCy, exemplified by its ability to activate dihydrogen under 
mild conditions.37 The initially formed P–H activation compound is consumed within 1 h at 
22°C (Scheme 2.11). Despite this GPC analysis again showed only a small amount (ca. 12%) of 
high molar mass material (Mn = 59,600 Da; Ð = 1.08) with the majority being low molar mass 
material (Mn = ca. 1,100 Da; Ð = 1.28) (Figure S2.38).  
 
Scheme 2.11 CAACCy-mediated dehydrocoupling of Ph2PH·BH3. 
It is postulated that three polymer architectures are formed in the head-to-tail polymerisation 
step of [Ph2P–BH2]: small cyclic oligomers, short chain linear oligomers and long chain linear 
polymers. In an attempt to explain the differences in the products formed under the different 
conditions (THF vs toluene, CAACMe vs CAACCy) we compared the 31P NMR spectra of the crude 
material and after precipitation into hexanes (Figure 2.3). For CAACMe in THF Ph2PH·BH2–PPh2·BH3 
(δP = -3.3 ppm, -18.2 ppm [CDCl3]) is detected both before and after precipitation along with 
a broad peak (δP = -15.6 ppm [CDCl3]). When CAACMe is used in toluene a much smaller 
quantity of Ph2PH·BH2–PPh2·BH3 is observed; however, in the crude material there are two 
obvious broad peaks (δP = -15.7 ppm and -18.3 ppm [toluene]). The peak at -18.3 ppm is 
removed by precipitation. It is this coupled with the similarity in the shift to [Ph2P–BH2]3 or 454  
which leads us to identify the product as small cyclic species. When using the more reactive 
CAACCy only a very small amount of small cyclics are formed (δP = -18.3 [toluene]), postulated 
to be due to the greater reactivity of CAACCy leading to a higher concentration of monomer in 
solution thereby favouring oligomerisation over small cyclic oligomers. This is also evidenced 
by the higher yield after precipitation when using CAACCy as opposed to CAACMe. The bimodal 
appearance of the broad peak observed after precipitation can be explained by the presence 







Figure 2.3 31P NMR of products of the dehydropolymerisation of Ph2PH·BH3 using a CAACMe in THF; b CAACMe in 
toluene; and c CAACCy in toluene before and after precipitation into hexanes (*denotes excess Ph2PH·BH3, 
~denotes CAACMe(H)PPH2, ^denotes CAACCy(H)PPH2, #denotes Ph2PH). 
In an attempt to further extend the scope of the dehydropolymerisation to other 
P-disubstituted phosphine-boranes the reactivity of rac-Ph(Et)PH·BH3 with CAACMe and 
CAACCy was investigated. CAACMe(H)PhEtPBH3 (2.3c) was formed through direct reaction of 
CAACMe with rac-Ph(Et)PH·BH3 (Scheme 2.12a). Unlike with the mono- and di-phenyl 
derivatives, 2.3c is stable at 22 °C which allowed the structure to be confirmed by X-ray 
diffraction (Figure 2.4).  
 
Figure 2.4 Thermal ellipsoid plot of 2.3c. H atoms other than those bound to C9 and B1 have been omitted for 
clarity. Ellipsoids are shown at the 30% probability level. 
Upon heating isolated 2.3c to 100 °C the targeted dehydropolymerisation occurred to give 
[PhEtP–BH2]n and (CAACMe)H2 (Scheme 2.12). Pure [PhEtP–BH2]n was obtained in 23% yield as 
a fine white powder following precipitation. ESI-MS analysis of the precipitated sample 





PhEtP–BH2 = 150.1) and n = 33 (Figure S2.50); however, there was no convincing high molar 
mass material observed using GPC. In the analogous reaction using CAACCy (Scheme 2.12b) 
the yield was also low (19%), but a GPC peak corresponding to high molar mass material (Mn 
= 62,600 Da, Ð = 1.19, n = ca. 400) was observed (Figure S2.55). Again this was only a small 
amount (ca. 18%) compared to the low molar mass fraction (Mn = ca. 1,900 Da; Ð = 1.47, 
n = ca. 13). 
 
Scheme 2.12 a CAACMe-mediated dehydrocoupling of rac-Ph(Et)PH·BH3; and b CAACCy-mediated 
dehydrocoupling of rac-Ph(Et)PH·BH3. 
2.3.4.2 Adduct formation with bulkier P-disubstituted phosphine-boranes 
When the reactivity of CAACMe with bulkier P-disubstituted phosphine-borane substrates 
(R = R’ = tBu or R = R’ = Mes) was explored an enlightening divergence in reactivity was noted. 
For full conversion of these substrates two equiv. of CAACMe are required. In situ 1H NMR 
spectroscopy reveals that an equimolar mixture of (CAACMe)H2 and the new species 2.4a/2.4b 
are formed (Scheme 2.13). 
 
Scheme 2.13 Synthesis of 2.4a and 2.4b. 
The structures of 2.4a and 2.4b were confirmed by X-ray crystallography revealing that in both 
compounds the CAACMe C-donor was bound to the boron of the phosphinoborane moiety 
(Figure 2.5a and b). Interestingly, species 2.4a and 2.4b are analogous to the previously 






Figure 2.5 a Thermal ellipsoid plot of 2.4a; and b thermal ellipsoid plot of 2.4b. For both 4a and 4b ellipsoids 
are shown at the 30% probability level, and H atoms other than those at the B1 centre have been omitted for 
clarity. 
The reactivity with the bulky, P-disubstituted phosphine-boranes contrasts with that observed 
with PhPH2·BH3, Ph2PH·BH3 and PhEtPH·BH3 as an initial P–H oxidative addition product 
analogous to compounds 2.3a-c is not observed. The monomeric phosphinoborane generated 
upon dehydrogenation does not undergo head-to-tail polymerisation, instead it is trapped by 
a second equivalent of carbene. The absence of an observable P–H activation compound can 
be explained by the greater steric bulk around the phosphorus centre. The trapping provides 
further evidence for the release of monomeric phosphinoboranes in the proposed 
polymerisation mechanism. It is noteworthy that when Ph2PH·BH3 is reacted with two equiv. 
of CAACMe clean conversion to the species equivalent to 2.4a and 2.4b is not observed; 
however, peaks for the short chain oligomers CAAC(BH2PPh2)x (x = 1 - 4) have been identified 
using ESI-MS (Figure S2.67).  
2.3.5 Mechanism of polymerisation from phosphinoborane monomers 
Studies on the mechanism of polymerisation of phosphinoborane monomers, [RR’P–BH2], 
generated from the reaction of a CAAC with a phosphine-borane substrate, are complicated 
due to several key factors:  
1) The monomers generated in situ are highly reactive and readily polymerise and thus have 
not been isolated in their pure monomeric form.  
2) A number of different polymer architectures are obtained from the polymerisation reaction 





3) There is not a single well-defined initiator-derived end-group, and there are limitations in 
determining the identity of the various end-groups present in samples of the polymers based 
on the experimental techniques available. 
Here we propose a polymerisation mechanism which involves several non-mutually exclusive 
pathways which likely occur in parallel, and discuss our experimental observations and 
limitations.  
 
Figure 2.6 a Proposed addition head-to-tail polymerisation sequence; and b chain-end capping resulting in 
linear polymers. 
We propose that the ambipolar phosphinoborane monomer can self-initiate and 
spontaneously undergo an addition head-to-tail polymerisation sequence, see pathway 
(Figure 2.6a). This mechanism is reminiscent of the metal-free thermolysis of amine-stabilised 
phosphinoboranes reported by Scheer and Manners.31 Given the polar structure of the 





either 11B or 31P NMR spectroscopy it is likely that head-to-head and tail-to-tail propagation 
are not major pathways. It is possible to obtain both cyclic oligomers and linear polymers via 
a self-initiated route. Cyclic oligomers likely form through back-biting of the phosphorus chain 
end with the boron chain end. Linear polymers are obtained when the rate of linear chain 
propagation is greater than the rate of back-biting; these rates are often competitive and 
highly dependent on the nature of the substituents and the degree of substitution on the 
phosphinoborane monomer. For example, polymerisation of [PhHP–BH2] favours mostly 
linear polymer, while for the P-disubstituted [Ph2P–BH2] a significant quantity of cyclic 
oligomers are obtained as determined by NMR spectroscopy in the crude polymeric material 
(Figure 2.3). The milder conditions required to generate the phosphinoborane using CAAC 
likely do not facilitate branching or cross-linking that could inhibit high molar mass material 
being formed as opposed to when the monomer is thermally generated from the 
phosphine-borane under more harsh thermal conditions.54 
In addition, in concert with the proposed self-initiated pathway (Figure 2.6a), trace Lewis acids 
or bases present in the reaction mixture could engage in chain-end capping of polymer chain 
or monomer at any point during the polymerisation. These chain-end capping reactions may 
favour linear propagation by preventing the back-biting reaction (Figure 2.6b). Traces of free 
phosphine and borane can be generated thermally from dissociation of the phosphine-borane 
adduct, and traces of free CAAC can also be present in the reaction mixture. It is noteworthy 
that the electronic effect of the neutral Lewis acid or base capping group on the reactive P or 
B chain-end diminishes as the polymer chain lengthens, this is in contrast to radical or ionic 
chain polymerisations. In well-defined chain polymerisations the radical or charged reactive 
site consistently migrates to the end of polymer chain with each monomer addition, leading 
to solely unidirectional chain growth. The reactivity of the P or B chain-end towards the 
successive addition of further monomer or oligomers is expected to be approximately 
equivalent for both Lewis acid or base capped polymer chains with a high degree of 
polymerisation and for completely uncapped (oligo)polymer chains capable of bidirectional 
growth. 
Some experimental evidence for chain termination involving chain-end capping with Lewis acids 
and bases are the detection of phosphine- and borane-based end groups for [PhHP–BH2]n 





Figure S2.36, Figure S2.42, Figure S2.50 and Figure S2.54) using ESI-MS. The reaction of 
2 equiv. of CAACMe with PhPH2·BH3 at an initial concentration of 1.26 M in THF at 60 °C for 3h 
(see Table S2.1 run 4, for analogous conditions with one equiv. of CAACMe) resulted in primarily 
oligomeric material below the calibration limit of the GPC (Mn < ca. 2,300 Da) and only trace 
quantities of higher mass polymer. The excess of CAACMe likely results in a significant degree 
of chain-end capping reactions leading to reduced molecular masses for the resulting material.   
The polymerisation mechanism may involve a combination of both chain-growth and 
step-growth processes. Another possibility during the polymerisation reaction that may be 
occurring to an extent in either of the pathways shown above is the head-to-tail addition of 
oligomers which possess reactive B and/or P chain ends onto existing polymer chains with 
reactive termini.55  
It should be noted that there are some experimental limitations of ESI-MS as a technique, in 
particular for the identification of cyclic species and polymer end-groups. The lack of evidence 
for cyclic species in the ESI-MS data could be a feature of the ionisation method rather than 
the sample. ESI-MS only detects charged species and the ionisation of cyclic species is 
inherently difficult given the lack of available lone pairs or vacant orbitals. In comparison, 
depending on the end-groups, linear species can readily be ionised and are expected to be 
over-represented in the ESI-MS spectra. ESI-MS is also only detecting the oligomeric fraction 
of the material that is present (below ca. 3,000 Da) and it is possible that the bulk of the high 
molar mass material could have different end groups. In addition, the ionisation conditions 
within the ESI-MS instrument may be altering the end groups actually present in the polymer 
sample.  
2.4 Conclusions 
In summary, we have shown that cyclic alkyl(amino)carbenes can be used as stoichiometric 
reagents to effect P–H/B–H dehydrogenative coupling of primary and secondary phosphine-
boranes. These results illustrate the complementarity between organic and transition metal 
ambiphiles in the context of main group redox transformations, and hint at a potentially broad 
utility for CAACs in accessing new inorganic polymers and materials. The carbene centre in 
CAACMe inserts into the P–H bond of phosphine-boranes, RR’PH·BH3 (R = Ph; R’ = H, Ph or Et), 
to give derivatives of CAACMe(H)PRR’BH3 (2.3a-c) which undergo thermolysis to give the 





case of Ph2PH·BH3 with CAACCy the dehydropolymerisation proceeds within 1 h at 22 °C. In 
contrast, with respect to the reactivity of sterically encumbered P-disubstituted 
phosphine-boranes (R = R’ = tBu or Mes) with CAACMe it is noteworthy that polymers are not 
generated post H2-transfer. Instead the transient phosphinoboranes were trapped by a 
second equivalent of carbene to yield CAACMe-phosphinoborane adducts, 2.4a and 2.4b. The 
novel dehydropolymerisation using CAACs has been used to prepare samples of 
P-disubstituted polyphosphinoboranes, [Ph2P–BH2]n and [PhEtP–BH2]n, which cannot be 
accessed via previous transition-metal catalysed or stoichiometric routes, and contain high 
molar mass fractions. The development of catalytic rather than stoichiometric reactions 
involving main group species is a rapidly developing field.56,57 The reactions of 
phosphine-boranes with species that undergo E–H bond activation e.g. stannylenes58 and 
frustrated Lewis pairs that reversibly bind H259,60 are under current investigation. Future 
studies will target the generation of a well-defined propagating site which should allow access 
to predominantly linear polymers, molar mass control, and potentially block copolymers. A 
more atom-economic catalytic synthesis would also allow a more facile scale up and thereby 
the properties of the new materials to be investigated in detail.  
2.5 Supporting Information  
2.5.1 General procedures, reagents and equipment 
All manipulations were carried out either under an atmosphere of nitrogen gas using standard 
vacuum line and Schlenk techniques, or under an atmosphere of argon within an M. Braun 
glovebox MB150G-B maintained at < 0.1 ppm of H2O and < 0.1 ppm of O2. All solvents were 
dried via a Grubbs design solvent purification system,61  except tetrahydrofuran (THF) which 
was vacuum distilled from sodium metal/benzophenone ketyl. 
Deuterated solvents (benzene-d6, chloroform-d and tetrahydrofuran-d8) were purchased from 
Sigma Aldrich and dried by storing over activated molecular sieves (4Å). NMR spectra were 
recorded using Oxford Jeol Eclipse 300 MHz, Bruker 400 MHz, Bruker 500 MHz and Varian 
400 MHz NMR spectrometers. 1H NMR spectra were calibrated using the residual protio signal 
of the solvent: (δ (ppm) 1H(CDCl3) = 7.24; 1H (C6D6) = 7.16; and  1H (CD2)4O = 3.58, 1.72 ). 13C 
NMR spectra were calibrated using the solvent signals (δ = 13C(C6D6) = 128.0). 11B and 31P NMR 
spectra were calibrated against external standards (11B: BF3·OEt2 (δ 11B = 0.0); 31P: 85% H3PO4 





IDipp,62 [IDippH]Cl,62 CAACMe,34 [CAACMeH]Cl,34 CAACCy,34 PhPH2·BH3,63 Mes2PH·BH3,64 
rac--PhEtPHBH3,65  and Ph2PH·BH366 were prepared according to literature procedures. 
BH3·THF (1 M in THF) was purchased from Acros Organics and trap-to-trap vacuum transferred 
prior to use. PPhH2 (ca. 10% weight in hexanes), Ph2PH, tBu2PH·BH3, and nBuLi (1.6 M in 
hexanes) were purchased from Sigma Aldrich and used as received.  
GPC was performed on a Malvern RI max Gel Permeation Chromatograph, equipped with an 
automatic sampler, a pump, an injector, and inline degasser. The columns (T5000) were 
contained within an oven (35 °C) and consisted of styrene/divinyl benzene gels. Sample elution 
was detected by means of a differential refractometer. THF (Fisher), containing 0.1 wt% 
[nBu4N]Br, was used as the eluent at a flow rate of 1 mL min-1. Samples were dissolved in THF 
(2 mg mL-1) and filtered with a Ministart SRP15 filter poly(tetrafluoroethylene) membrane of 
450 nm pore size before analysis. The calibration was conducted using monodisperse 
polystyrene standards obtained from Aldrich. The lowest and highest molecular weight 
standards used were 2,300 Da and 994,000 Da respectively. Data for low molar mass 
components (i.e. Mn < 2,300 Da) is estimated. 
The ESI-MS spectra were obtained using a Waters Synapt G2S instrument equipped with a 
nanospray ionisation module (Advion TriVersa Nanomate). Solutions (40 μL) of approximately 
1 mg mL-1 were loaded under ambient conditions in air into the sample tray, and aliquots of 
3 μL were introduced into the spectrometer using a spray voltage of 1.5 kV. Positive and 
negative ion spectra were recorded at a rate of 1 scan second-1 and summed to obtain the 
final spectra. Elemental analyses (C, H, N) were performed externally by Elemental 











2.5.2 Synthesis of IDipp phosphidoborane salts 
2.5.2.1 Synthesis of 2.1a 
Method A 
 
PhPH2·BH3 (16 mg, 0.13 mmol) was dissolved in THF-d8 (0.5 mL) in a quartz J. Young NMR tube 
and IDipp (50 mg, 0.13 mmol) added. Immediately a white precipitate was detected prior to 
the solution becoming homogeneous. The initial precipitate observed is attributed to the fast 
formation of the poorly soluble salt which is dissolved upon stirring.  Crystals of 2.1a were 
grown from a layered THF/hexane solution at -40 °C; however, the crystals were not of high 
enough quality to give a publishable data set, only a preliminary structure which confirmed 
the connectivity could be obtained. Yield = 38 mg (58%).  
Method B 
Independent synthesis of 2.1a through salt metathesis 
 
An nBuLi solution (630 µL of a 1.6 M in hexanes solution, 1.00 mmol) was added to a solution 
of PhPH2·BH3 (124 mg, 1.00 mmol) in THF (1 mL) and allowed to stir for 10 min at 22 °C before 
being added to a solution of [IDippH]Cl (435 mg, 1.00 mmol) in THF (1 mL). Immediate 
conversion to the product was observed and the identity confirmed using 1H, 11B and 31P NMR 
spectroscopy. No attempts to isolate the product obtained through this route were made. 
1H NMR (400 MHz, 298 K, THF-d8): δ = 0.61 (m, 3H, BH), 1.20 (d, 3JHH = 6.9 Hz, 12H, CH(CH3)2), 
1.24 (d, 3JHH = 6.9 Hz, 12H, CH(CH3)2), 2.53 (sept, 3JHH = 6.9 Hz, 4H, CH(CH3)2), 6.33-7.14 (m, ArH 
(Ph)), 7.39 (d, 3JHH = 7.7 Hz, Arm (Dipp), 4H), 7.57 (t, 3JHH = 7.7 Hz, Arp (Dipp)), 8.07 (s, 2H, 
NCHCHN), 10.05 (s, H, NCH). P–H proton cannot be detected in 1H NMR spectrum. 
11B NMR (96 MHz, 295 K, THF-d8): δ = -33.4 (qd, 1JBH = 91.4 Hz, 1JBH = 26.6 Hz).  





Elemental analysis for C33H46BN2P (calcd/expt): C (77.33/76.58), H (9.05/9.22), N (5.47/5.44). 
 
Figure S2.1 1H NMR spectrum (400 MHz, 298 K THF-d8) of 2.1a. Iminium C-H proton is very broad. The iminium 
C-H proton resonance is 8.07. (*denotes residual partially protiated THF). 
 
Figure S2.2 11B{1H} (left) and 11B (right) NMR spectra (96 MHz, 295 K, THF-d8) of 2.1a (*denotes trace μ-
(PhPH)B2H5). 
 



















Ph2PH·BH3 (24 mg, 0.13 mmol) and IDipp (50 mg, 0.13 mmol) were dissolved in THF-d8 (0.5 mL) 
in a quartz J. Young NMR tube and immediately a white precipitate was detected prior to the 
solution becoming homogeneous. The solvent was removed in vacuo to give a white solid 
which was washed with hexanes to give the product. Singe crystals of 2.1b suitable for X-ray 
diffraction were grown from a layered THF/hexane solution at -40 °C. Yield prior to 
crystallisation = 40 mg (53%). 
1H NMR (400 MHz, 298 K, THF-d8): δ = 0.98 (m, 3H, BH), 1.18 (d, 3JHH = 6.9 Hz, 12H, CH(CH3)2), 
1.21 (d, 3JHH = 6.9 Hz, 12H, CH(CH3)2), 2.73 (sept, 3JHH = 6.9 Hz, 4H, CH(CH3)2), 7.25 – 7.33, 
7.39-7.47, 7.55-7.62 (m, aromatic and NCHCHN backbone). C–H proton cannot be detected in 
1H NMR spectrum. 
11B NMR (96 MHz, 295 K, THF-d8): δ = -34.4 (m).  
31P NMR (122 MHz, 296 K, THF-d8): δ = -21.6 (br). 
Elemental analysis for C39H50BN2P (calcd/expt): C(79.58/79.04), H (8.56/8.74), N(4.76/4.72). 
 







Figure S2.5 11B{1H} (left) and 11B (right) NMR spectra (96 MHz, 295 K, THF-d8) of 2.1b. 
 
Figure S2.6 31P{1H} (left) and 31P (right) NMR spectra (122 MHz, 296 K, THF-d8) of 2.1b. 
2.5.3 Polymerisation attempts of PhPH2·BH3 using CAACMe 
2.5.3.1  Synthesis of 2.3a 
Method A 
PhPH2 +



























* = chiral centre
N Dipp
 
PhPH2·BH3 (74 mg, 0.60 mmol) and CAACMe (171 mg, 0.599 mmol) were dissolved in THF 
(0.5 mL) in a quartz J. Young NMR tube. P–H activation occurred instantly at 22 °C to give two 
diastereomers. This was immediately followed by a degree of formation of [PhHP–BH2]n and 
(CAACMe)H2, hence isolation of these compounds has not been achieved and there are traces 
of (CAACMe)H2 visible in the 1H NMR spectrum. The initial ratio of diastereomers observed after 









2.3a can also be synthesised through a stepwise procedure 
PPhH2 (used as a ca. 10% weight solution in hexanes, 4.24 g of hexanes solution, 3.90 mmol) 
was added to a solution of CAACMe (1.00 g, 3.50 mmol) in THF (10 mL) and stirred for 20 min 
at 22 °C. The volatiles were removed in vacuo to leave a pale yellow powder. NMR 
spectroscopic data for CAACMe(H)(PPhH) obtained was directly comparable to those described 
in the literature for CAACCy(H)(PPhH).38 The powder was redissolved in THF (5 mL) and BH3·THF 
(3.50 mL of a 1M in THF solution, 3.50 mmol) was added. Volatiles were immediately removed 
in vacuo; however, as with method A above it was not possible to isolate the product as a 
degree of formation of [PhHP–BH2]n and (CAACMe)H2 immediately occurs. 
Method C 
2.3a was also independently synthesised through a salt metathesis reaction 
 
nBuLi (56 µL of a 1.6 M in hexanes solution, 0.081 mmol) was added to a solution of PhPH2·BH3 
(10 mg, 0.081 mmol) in THF (0.5 mL) in a quartz J. Young NMR tube and at 22 °C and after 
10  min [CAACMeH]Cl (30 mg, 0.093 mmol) was added. Immediate conversion to the product 
was observed and the identity confirmed using 1H, 11B and 31P NMR spectroscopy; however as 
above it was not possible to isolate the product as the formation of [PhHP–BH2]n and 





1H NMR (400 MHz, 298 K, THF-d8): δ = 7.70-7.38 (m, 5H, Ar), 7.26-7.20 (m, 3H, ArDipp), 4.84 
(dqd, 1JPH = 364 Hz, 3JHH = 7.2 Hz and 3JHH = 2.5 Hz, 1H, PH), 4.42 (dd, 2JHP = 4.2 Hz, 3JHH = 2.5 Hz, 
1H, NCH), 4.11 (sept, 3JHH = 6.6 Hz, 1H, CH(CH3)2), δ = 3.08 (sept, 3JHH = 6.6 Hz, 1H, CH(CH3)2), 
2.05 (ABq, 1H, CH2), 1.64 (s, 3H, NC(CH3)2), 1.58 (s, 3H, NC(CH3)2), 1.37 (d, 3JHH = 6.6 Hz, 3H, 
CH(CH3)2),  1.29 (d, 3JHH = 6.6 Hz, 3H, CH(CH3)2),  1.24 (d, 3JHH = 6.6 Hz, 3H, CH(CH3)2),  1.20 (d, 
3JHH = 6.6 Hz, 3H, CH(CH3)2),  0.95 (s, 3H, C(CH3)2), 0.84 (s, 3H, C(CH3)2). Data given only for the 
major diastereomer, 2.3a’. 
11B NMR (96 MHz, 295 K, THF-d8): δ = -40.1 (m, br).  
No detection of separate peaks for the different isomers, postulated to be due to broad peaks 
overlapping. 
31P NMR (122 MHz, 296 K, THF-d8): δ = -4.1 (d, 1JPH = 364 Hz) (2.3a’’), -12.4 (d, 1JPH = 364 Hz) 
(2.3a’). 
  
Figure S2.7 1H NMR spectrum (400 MHz, 298 K, THF-d8) of 2.3a (*denotes (CAACMe)H2, #denotes residual 






Figure S2.8 11B{1H} (left) and 11B (right) NMR spectra (96 MHz, 295 K, THF-d8) of 2.3a (*denotes trace 
(CAACMe)·BH3 adduct).38 
 
Figure S2.9 31P{1H} (left) and 31P (right) NMR spectra (122 MHz, 296 K, THF-d8) of 2.3a.  
2.5.3.2 General procedure for dehydropolymerisation of PhPH2·BH3 using CAACMe 











PhPH2·BH3 and CAACMe were dissolved in THF or toluene in the quantities shown in Table S2.1 
and the reaction performed under the conditions shown in either a J. Young NMR tube or a 
J. Young Schlenk tube. Mass spectrometry and GPC analysis were carried out after 
precipitation of the reaction mixture into cold (−40 °C), stirring hexanes. More detailed 
information on run 4 is shown below.  
Table S2.1 Influence of temperature, solvent and concentration on the formation of 
polyphenylphosphinoborane, [PhHP–BH2]n in a closed system. 
aTime taken for full conversion by 31P NMR spectroscopy b degree of polymerisation measured by GPC  














1 22 THF 0.5 71 31 120 205 25,000 1.55 
2 60 THF 0.5 14 6 3 d d d 
3 60 THF 0.5 71 31 3 410 50,100 1.27 
4 60 THF 1.0 360 156 3 686 83,800 1.13 
5 60 toluene 0.5 71 31 3 290 35,400 1.28 
6 110 toluene 0.5 71 31 0.5 230 28,000 1.52 







Figure S2.10 ESI(+)-MS spectrum of [PhHP–BH2]n product from run 1 of Table S2.1 in DCM. 
 







Figure S2.12 ESI(-)-MS  spectrum of [PhHP–BH2]n product from run 3 of Table S2.1 in DCM. 
 






Figure S2.14 ESI(+)-MS spectrum of [PhHP–BH2]n product from run 6 of Table S2.1 in DCM. 
 






Figure S2.16 GPC chromatogram of precipitated [PhHP–BH2]n products from for runs 1-7 from Table S2.1. 2 mg 
mL-1 in THF with 0.1 w/w% nBu4NBr in the THF eluent (*oligomeric material, ~system peak). 
2.5.3.3 More detailed procedure for run 4  
PhPH2·BH3 (156 mg, 1.26 mmol) and CAACMe (360 mg, 1.26 mmol) were dissolved in THF (1 mL) 
in a J. Young Schlenk tube, sealed, and the reaction mixture was stirred at 60 °C for 3 h. The 
reaction mixture was added dropwise into 20 mL of rapidly stirred cold hexanes at -40 °C 
yielding a precipitate and the supernatant was decanted. The precipitation was repeated 
twice more prior to drying in vacuo to leave a white powder of the [PhHP–BH2]n polymer 
product. Yield (precipitated material) = 42 mg (27%). GPC (2 mg mL-1): Mn = 83,800 Da; 
Ð = 1.17. 
1H NMR (400 MHz, 298 K, THF-d8): δ = 7.38-7.03 (m, 5H, Ar), 4.32 (d, 1JPH = 370 Hz, 1H, PH), 
1.86-1.20 (m, 2H, BH). 
11B NMR (96 MHz, 295 K, THF-d8): δ = -34.6 (m, br).  
31P NMR (122 MHz, 298 K, THF-d8): δ = -48.4 (d, 1JPH = 348 Hz). 
 
Figure S2.17 31P{1H} NMR spectra (122 MHz, 298 K, THF-d8) of the crude reaction mixture between PhPH2·BH3 







Figure S2.18 1H NMR spectrum (400 MHz, 298 K, THF-d8) of isolated [PhHP–BH2]n from run 4 (*denotes partially 
protiated THF, #denotes THF, ~denotes hexanes). 
 
 
Figure S2.19 11B{1H} (left) and 11B (right) NMR spectra (96 MHz, 295 K, THF-d8) of isolated [PhHP–BH2]n from run 4. 
 
Figure S2.20 31P{1H} (left) and 31P (right) NMR spectra (122 MHz, 298 K, THF-d8) of isolated [PhHP–BH2]n from run 4. 
 
Figure S2.21 ESI(-)-MS (left) and ESI(+)-MS (right) spectra of [PhHP–BH2]n product from run 4 in Table S2.1. The 







Figure S2.22 GPC chromatogram of precipitated [PhHP–BH2]n product from run 4 of Table S2.1. 2 mg mL-1 in 
THF with 0.1 w/w% nBu4NBr in the THF eluent. 
 
Figure S2.23 Photograph of isolated [PhHP–BH2]n.  
2.5.3.4 Synthesis of (CAACMe)H2 
 (CAACMe)H2 was obtained by removing the solvent in vacuo from the filtrate post precipitation 
of the polymer in run 4. Single crystals suitable for X-ray diffraction were obtained through 
sublimation (22 °C, 5 x 10-2 Pa). 
1H NMR (400 MHz, 298 K, C6D6): δ = 7.24 (m, 1H, Arp), 7.32 (d, 2H, Arm), 3.72 (sept, 3JHH = 6.7 
Hz, 2H, CH(CH3)2), 3.34 (s, 2H, NCH2), 1.97 (s, 2H, NC(CH3)2CH2),BH 1.38 (d, 3JHH = 6.7 Hz, 6H, 
CH(CH3)2),  1.37 (s, 6H, NC(CH3)2), 1.25 (s, 6H, C(CH3)2),  1.23 (d, 3JHH = 6.7 Hz, 6H, CH(CH3)2). 
13C NMR (101 MHz, 298 K, C6D6): δ = 152.4 (Ari), 139.1 (Aro), 126.5 (Arm), 123.9 (Arp), 67.7 
(NCH2), δ = 63.3 (NC(CH3)2), 56.8 (NC(CH3)2(CH2), 37.3 (NC(CH3)2), 30.4 (N(CH2)C(CH3)2), 29.0 






Figure S2.24 1H NMR spectrum (400 MHz, 298 K, C6D6) of (CAACMe)H2 (*denotes residual partially protiated 
benzene). 
 
Figure S2.25 13C NMR spectrum (101 MHz, 298 K, C6D6) of (CAACMe)H2 (*denotes benzene). 
 
Figure S2.26 Thermal ellipsoid plot of (CAACMe)H2. Ellipsoids are shown at the 30% probability level. H atoms 






2.5.4 Mechanistic studies 
2.5.4.1 Kinetics measurements to probe reaction mechanism 
PhPH2·BH3 and CAACMe in the quantities shown in Table S2.2 were dissolved in THF (0.5 mL) in 
a quartz J. Young NMR tube containing a capillary of neat PCl3 as an internal standard. The 
peak corresponding to 2.3a’’ (δP = -12.4 ppm) was integrated relative to the capillary over at 
least two half lives in each case. The kinetic studies were all performed solely on the 2.3a’’ 
diastereomer as 2.3a’ is consumed much more rapidly. 
Table S2.2 Conditions for kinetics experiments. 
Run Conc. 
(M) 






8 0.50 71 31 22 7.87 x 10-6 24.5 
9 0.50 71 31 30 1.64 x 10-5 11.7 
10 0.50 71 31 40 5.56 x 10-5 3.5 
11 0.50 71 31 50 1.42 x 10-4 1.4 
12 0.50 71 31 60 4.33 x 10-4 0.5 
13 0.30 43 19 50 1.39 x 10-4 1.4 
14 0.70 100 43 50 1.24 x 10-4 1.6 
15a 0.50 71 31 50 8.00 x 10-5 2.4 














Figure S2.28 Plot of ln[2.3a] with reaction time for runs 11 ([2.3a] = 0.5 M,  blue circles), 13 ([2.3a] = 0.3 M, 
orange diamonds) and 14 ([2.3a] = 0.7 M, grey triangles) from Table S2.2. The calculation of equivalent half-
lives for different initial concentration of 2.3a using Supplementary Equations 1 and 2 indicates unimolecular 
first order kinetics. 
ln[A] =  −𝑘𝑡 + ln[A]  (1) 
𝑡 =  
( ) (2) 
 
Figure S2.29 Eyring plot using data from runs 8 -12 from Table S2.2 used to calculate values for ΔH‡ and ΔS‡ 
using Supplementary Equations 3-6 (ΔH‡ = 21.5 kcal mol-1, ΔS‡ = -9.5 K-1 mol-1). (y = ln[2.3a], x = time (s)). 





ln =  
∆ ‡
+  ln +  
∆ ‡
  (4) 
Gradient =  
∆ ‡ (5) 
Intercept = ln +  





2.5.4.2 DFT calculations 
Density functional theory (DFT) calculations were carried out with the Gaussian 09 program 
package50 using the hybrid exchange-correlation function PBE051,67 in combination with the 
split-valence double-ζ basis set 6-31+G(d,p).52,68–72 All N-heterocyclic compounds were 
calculated using N-phenyl model systems. Optimisations were carried out with tight 
convergence criteria and pruned (99,590) grids73 were used for numerical integrations. 
Solvents [THF ( = 7.4257) and toluene ( = 2.3741)] were accounted for during the 
optimisations with the polarisable continuum model (PCM) using the integral equation 
formalism variant (IEFPCM).74–77 Initial guesses for transition states were obtained by relaxed 
potential energy surface scans along major reaction coordinates. All stationary points were 
identified as minima or transition states by analytical vibrational frequency calculations. 
Transition states were confirmed to interconnect precursors and products by reverse and 
forward internal reaction coordinate (IRC) scans.78,79 Standard Gibbs free energies are 










Figure S2.30 Schematic Gibbs energy profile for the P–H activation of PhPH2·BH3 (A) with CAAC (B) and subsequent reaction steps; standard Gibbs free energies are given in 






Figure S2.31 Schematic Gibbs energy profiles for substitution at boron (left) and B–H activation from CAAC (B) and PhPH2 ·BH3 (A) (right); standard Gibbs free energies are given 




Table S2.3 Optimised minimum structures and transition states with their imaginary frequencies in THF; standard 
Gibbs free energies are given below the structures in kcal mol−1 relative to the sum of the Gibbs free energies of A 




A B TS1, −426 [−677] cm−1 




TS1’, −446 [−695] cm−1 C-1pair C-1’pair 




D E F 
−6.0 [22.5] −26.7 [−24.0] 
 
  
F’ TS4, −91.3 [−96.5] cm−1 TS4’, −122.5 [−120.2] cm−1 









C-3pair TS5, −181 [−70] cm−1  




G H TS2, −404 [−390] cm−1 




I J TS3, −219 [−194] cm−1 




K L  
−26.0 [−23.9] −52.7 [−50.3]b  
a Structural optimisation of C-1’pair in toluene was unsuccessful, bthe Gibbs free energies for the 







Table S2.4 Calculated isodesmic reaction between [CAAC(H)]+ and (NHC)H2; Gibbs free energies are given 









Figure S2.32 Schemes depicting the intermolecular hydride abstraction pathway: a) intermolecular hydride 
abstraction from F (F’) by the [CAAC(H)]+ (D) iminium ion leading to a phosphinoborenium ion M (M’) and 
CAAC(H2) (G) and b) subsequent conversion of M (M’) to D and phosphinoborane [PhHP–BH2] (H);  standard 
Gibbs free energies are given in THF. 










2.5.4.3 Reaction of CAACMe with H2 at ca. 4 atm 
CAACMe (86 mg, 0.30 mmol) was dissolved in C6D6 (1.50 mL) in a vial and 0.50 mL of this 
solution was transferred to a J. Young NMR tube. The solution was degassed through 
freeze-pump-thaw cycles prior to adding H2 (1 atm) whilst chilling at -196 °C using liquid 
nitrogen. Upon thawing no dihydrogen activation was observed using 1H NMR spectroscopy 
either at 22 °C or upon heating to 60 °C for 24 h. 
2.5.5 Polymerisation attempts of P-disubstituted phosphine-boranes using CAACMe and 
CAACCy 
2.5.5.1 Synthesis of 2.3b 
Method A 
 
Ph2PH·BH3 (500 mg, 2.50 mmol) and CAACMe (714 mg, 2.50 mmol) were dissolved in THF 
(2 mL) in a J. Young Schlenk tube and immediately at 22 °C a white precipitate was observed. 
After ten min the solution became homogeneous. Similar to the case of compound 2.3a, 
isolation of compound 2.3b has not been achieved due to significant polymerisation occurring 
immediately at 22 °C.  
It is proposed that the initial precipitate is due to initial deprotonation of the phosphine-borane 
to form ionic [CAACMeH][Ph2PBH3], as is observed in the reaction between PhRPH·BH3 (R = H or Ph) 
and IDipp, prior to the formation of the neutral molecular species by cation-anion recombination. 
Method B 
2.3b can also be synthesised through a stepwise procedure 
 
Ph2PH (250 mg, 1.34 mmol) was added to a solution of CAACMe (383 mg, 1.34 mmol) in THF 
(1 mL) in a J. Young Schlenk tube, the vessel was sealed and stirred for 20 min at 22 °C. 
BH3·THF (1.34 mL of a 1M in THF solution, 1.34 mmol) was added and the reaction mixture 


















LiPh2PBH3 (15 mg, 0.073 mmol) and [CAACMeH]Cl (23 mg, 0.07 mmol) were dissolved in THF 
(0.5 mL) in a quartz J. Young NMR tube. Immediate conversion to the products was observed 
and the identity confirmed using 11B and 31P NMR spectroscopy. No purification of the product 
formed from this method was carried out. 
11B NMR (96 MHz, 295 K, THF): δ = -39.1 (br).  
31P NMR (122 MHz, 295 K, THF): δ = 10.9 (br). 
 
Figure S2.33 11B{1H} (left) and 11B (right) NMR spectra (96 MHz, 295 K, THF) of 2.3b. 
 









2.5.5.2 Dehydropolymerisation of Ph2PH·BH3  
Method A 
CAACMe in THF 
 
Ph2PH·BH3 (500 mg, 2.50 mmol), CAACMe (714 mg, 2.50 mmol) and THF (1 mL) were added to a 
J. Young Schlenk and heated as a closed system at 60 °C for 1 h. 31P NMR spectroscopy of the 
crude reaction mixture showed the formation of Ph2PH·BH2–PPh2·BH3 (~ 25%) and [Ph2P–BH2]n 
(Figure 2.3). The simultaneous formation of cyclic oligomers of the form [Ph2P–BH2]x cannot be 
unambiguously ruled out as the phosphorus and boron chemical shifts coincide with those of 
the internal atoms of the linear dimer. The reaction mixture was added dropwise into 20 mL of 
rapidly stirred cold hexanes at -40 °C yielding a precipitate and the supernatant was decanted. 
The precipitation was repeated twice more prior to drying in vacuo to leave a white powder 
which by 11B and 31P NMR analysis was determined to be a mixture of Ph2PH·BH2–Ph2P·BH3 
(~35%) and [Ph2P–BH2]n (Figure 2.3). Attempts to separate the product further by 
precipitation into acetonitrile, or through washing with diethyl ether were unsuccessful. GPC 
analysis showed only a very small amount of high molar mass material which it was not 





Figure S2.35 ESI(+)-MS spectrum in positive mode of unseparated [Ph2P–BH2]n and Ph2PH·BH2–PPh2·BH3 
(m/z = 398.2) formed from Ph2PH·BH3  and CAACMe in THF. The species highlighted in yellow is a linear system 
with a PPh2H end group (H-[Ph2P–BH2]n-PPh2H)+ and the species highlighted in blue is a linear system with a 
CAACMe end group (H-[Ph2P–BH2]n-CAACMe)+. 
Method B 













Ph2PH·BH3 (200 mg, 1.00 mmol), CAACMe (285 mg, 1.00 mmol) and toluene (400 μL) were 
added to a J. Young NMR tube and heated in a closed system at 60 °C for 1 h. 31P NMR 
spectroscopy of the crude reaction mixture showed the formation of Ph2PH·BH2–PPh2·BH3 
(~ 8%) and [Ph2P–BH2]n (Figure 2.3). The reaction mixture was added dropwise into 20 mL of 
rapidly stirred cold hexanes at -40 °C yielding a precipitate and the supernatant was decanted. 
The precipitation was repeated twice more prior to drying in vacuo to leave a white powder. 
GPC analysis showed a bimodal distribution with a small amount (ca. 10%) of high molar mass 






Figure S2.36 ESI(+)-MS spectrum in positive mode of [Ph2P–BH2]n formed from Ph2PH·BH3 and CAACMe in 
toluene. The species highlighted in yellow is a linear system with a PPh2H end group (H-[Ph2P–BH2]n-PPh2H)+ 
and the species highlighted in blue is a linear system with a CAACMe end group (H-[Ph2P–BH2]n-CAACMe)+. 
 
 
Figure S2.37 GPC chromatogram of [Ph2P–BH2]n formed from Ph2PH·BH3 and CAACMe in toluene. 2 mg mL-1 in 
THF with 0.1 w/w% nBu4NBr in the THF eluent. The highest molar mass peak accounts for ca. 10% of the 
precipitated material. The bimodal distribution can be explained by the competition between chain 
termination and propagation. Most of the material undergoes early termination, potentially by addition of a 
free CAACMe unit as evidenced in the ESI-MS, whereas a small percentage of the material undergoes significant 





CAACCy in toluene 
 
 
Ph2PH·BH3 (200 mg, 1.00 mmol), CAACCy (325mg, 1.00 mmol) and toluene (400 μL) were 
added to a J. Young NMR tube. After 1 h at 22 °C 31P NMR spectroscopy of the crude reaction 
mixture showed the complete consumption of Ph2PH·BH3 and formation of [Ph2P–BH2]n 
(Figure 2.3). The reaction mixture was added dropwise into 20 mL of rapidly stirred cold 
hexanes at -40 °C yielding a precipitate and the supernatant was decanted. The precipitation 
was repeated twice more prior to drying in vacuo to leave an off-white powder. GPC analysis 
showed a bimodal distribution with a small amount (ca. 12%) of high molar mass material 
(Figure S2.38). Yield (precipitated material) = 95 mg (48%). 
An attempt to further separate the high molar mass component observed in the GPC 
chromatogram from lower mass oligomers was made.  The material was dissolved in THF 
(5 mL) and a small quantity of hexanes (5 mL) added until some material precipitated. The 
supernatant was removed to leave fraction A. The process was repeated, adding further 5 mL 
portions of hexanes to the supernatant each time, to give three further fractions of product. 
The results of this separation attempt are reported below and show that isolation of the pure 





Figure S2.38 GPC chromatograms of the separation attempts of the [Ph2P–BH2]n formed from Ph2PH·BH3  and 
CAACCy in toluene. 2 mg mL-1 in THF with 0.1 w/w% nBu4NBr in the THF eluent. The GPC chromatograms have 
been normalised to the low molar mass material. Although the stepwise precipitation of material does show 
an increase in the percentage of high molar mass material for the earlier fraction there is still not a significant 
amount. For Fraction A Mn = 59,600 and Ð = 1.08; however, since the standard used for the calibration of the GPC 
instrument is polystyrene [PhCHCH2]n, the intrinsic values shown here may not be accurate especially as the 
presence of a second phenyl group will most likely reduce the amount of coiling of the polymer chains in solution. 
NMR data is given for Fraction A  
1H NMR (400 MHz, 298 K, CDCl3): δ = 7.50- 6.50 (m, br, Ar), 2.85 – 0.25 (m, br, BH2). 
11B NMR (96 MHz, 295 K, CDCl3): δ = -30.4 (br). 
31P NMR (122 MHz, 295 K, CDCl3): δ = -15.2, -16.6 (br). 
 
Figure S2.39 1H NMR spectrum (400 MHz, 298 K, CDCl3) of [Ph2P–BH2]n formed from Ph2PH·BH3 and CAACCy in 
toluene (Fraction A) (*denotes partially protiated CDCl3, ~denotes trace DCM, #denotes trace THF, ^denotes 





Figure S2.40 11B{1H} (left) and 11B (right) NMR spectra (96 MHz, 295 K, CDCl3) of [Ph2P–BH2]n formed from 
Ph2PH·BH3 and CAACCy in toluene. (Fraction A). 
 
Figure S2.41 31P{1H} (left) and 31P (right) NMR spectra (122 MHz, 295 K, CDCl3) of [Ph2P–BH2]n formed from 
Ph2PH·BH3 and CAACCy in toluene. (Fraction A). The observation of two peaks can be explained by the presence 
of both oligomeric and polymeric material, as is observed in the GPC chromatogram. 
 
Figure S2.42 ESI(+)-MS spectrum in positive mode of [Ph2P–BH2]n formed from Ph2PH·BH3 and CAACCy in toluene 
(Fraction A). The species highlighted in blue is a linear system with a CAACCy end group (H-[Ph2P–BH2]n-CAACCy)+ and 





Figure S2.43 Photograph of [Ph2P–BH2]n (Fraction A).  
2.5.5.3 Synthesis of 2.3c 
 
rac-PhEtPH·BH3 (50 mg, 0.33 mmol) and CAACMe (94 mg, 0.33 mmol) were dissolved in THF 
(2 mL) in a J. Young Schlenk tube. Immediate conversion to the product (as two diastereomers 
2.3c’ and 2.3c’’) was observed through 31P NMR spectroscopy. The initial ratio of 
diastereomers observed after 10 min in solution was 1:1.14. Single rystals of 2.3c suitable for 
X-ray diffraction of one diastereomer were obtained from layering a THF solution with hexane 
at -40 °C. Yield = 54 mg (38%). 
1H NMR (500 MHz, 295 K, CDCl3): δ = 8.07-7.98 (m, 2H, Arp), 7.50-7.38 (m, 3H, Aro,m), 7.20-7.05 
(m, 3H, ArDipp), 4.51 (d, 2JPH = 6.9 Hz, 1H, NCH), 4.10 (sept, 3JHH = 6.8 Hz, 1H, CH(CH3)2), 3.07 
(sept, 3JHH = 6.8 Hz, 1H, CH(CH3)2), 2.02, 1.99 (d, 2JHH = 213 Hz), 1.48 (d, 3JHH = 6.8 Hz, 6H, 
CH(CH3)2), 1.47 (s, 3H, C(CH3)2), 1.43 (s, 3H, NC(CH3)2), 1.36 (dm, 2H, PCH2), 1.33 (d br, 3H, 
CH(CH3)2), 1.28 (d, 3JHH = 6.8 Hz, 6H, CH(CH3)2), 1.24 (d, 3JHH = 6.8 Hz, 6H, CH(CH3)2), 1.15 (s br, 
3H, C(CH3)2), 0.91 (s, 3H, NC(CH3)2), 0.54 (m, 3H, , PCH2CH3). Unable to assign BH3 as broad 
and overlapping other signals. 
13C (101 MHz, 298 K, CDCl3):  δ = 149.0 (ArDipp-o), 146.7 (ArDipp-o), 145.4 (ArDipp-i), 133.7 (Arm), 
130.8, (Arp), 127.9 (Ari), 126.5 (ArDipp-p), 126.0 (ArDipp-m), 124.4 (ArDipp-m), 77.0 (NCH), 64.4 
(NC(CH3)2CH2), 43.4 (NCHPC(CH3)2), 32.2 (C(CH3)2), 32.2 (NC(CH3)2), 29.5 (C(CH3)2), 29.0 
(NC(CH3)2), 28.6 (CH(CH3)2), 27.6 (CH(CH3)2), 26.7 (CH(CH3)2), 25.4 (CH(CH3)2), 24.5 (CH(CH3)2), 
24.4 (CH(CH3)2), 17.2(PCH2), 6.3  (PCH2CH3). Data only given for crystallised diastereomer 2.3c’. 
11B NMR (96 MHz, 295 K, CDCl3): δ = -41.0 (br), -42.5 (br) (two diastereomers). 




Elemental analysis for C28H45BNP (calcd/expt): C (76.88/76.38), H (10.37/10.60), N 
(3.20/3.05). 
 
Figure S2.44 1H NMR spectrum (400 MHz, 298 K, CDCl3) of 2.3c’ (*denotes residual partially protiated CDCl3). 
 





Figure S2.46 11B{1H} (left) and 11B (right) NMR spectra (96 MHz, 295 K, THF) of 2.3c. 
 
Figure S2.47 31P{1H} (left) and 31P (right) NMR spectra (122 MHz, 295 K THF) of 2.3c. 
 
Figure S2.48 ESI(+)-MS spectrum of 2.3c in DCM showing the [2.3c+H]+ peak (sample injection performed 
under ambient conditions in air). 





100 °C, 24 h











rac-PhEtPH·BH3 (300 mg, 1.97 mmol) and CAACMe (564 mg, 1.97 mmol) were dissolved in 
toluene (1 mL) in a sealed J. Young Schlenk tube and heated at 100 °C for 24 h (60°C requires 
ca. two weeks for full conversion). The reaction mixture was added dropwise into 20 mL of 
rapidly stirred cold hexanes at -40 °C yielding a precipitate and the supernatant was decanted. 
The precipitation was repeated twice more prior to drying in vacuo to leave a white powder. 
GPC analysis showed no convincing high molecular weight material.  Yield (precipitated 
material) = 67 mg (23%). The low yield is attributed to the loss of low molar mass material 
during purification. 
 
Figure S2.49 31P{1H} NMR spectra (122 MHz, 295 K, toluene) of dehydropolymerisation of rac-PhEtPH·BH3 using 
CAACMe  over time a 10 min at 22 °C; b 1 h at 100 °C; and c 20 h at 100 °C  (#denotes trace CAACMe(H)(PhEtP), 





Figure S2.50 ESI(+)-MS spectrum in positive mode in DCM of [PhEtP–BH2]n formed from rac-PhEtPH·BH3 and CAACMe 





100 °C, 20 h
+ N Dipp
H H




rac-PhEtPH·BH3 (52 mg, 0.34 mmol) and CAACCy (111 mg, 0.340 mmol) were dissolved in 
toluene (100 μL) in a J. Young NMR tube and heated at 100 °C for20 h. The reaction mixture was 
added dropwise into 20 mL of rapidly stirred cold hexanes at -40 °C yielding a precipitate and 
the supernatant was decanted. The precipitation was repeated twice more prior to drying in 
vacuo to leave a white powder. GPC analysis showed a bimodal distribution with 18% 
corresponding to high molar mass material.  Yield (precipitated material) = 10 mg (19%).  
1H NMR (400 MHz, 298 K, CDCl3): δ = 7.82- 6.84 (m, br, Ar), 1.91 – 0.60 (m, br, BH2, CH2, CH3). 
11B NMR (96 MHz, 298 K, CDCl3): δ = -33.0 (br). 





Figure S2.51 1H NMR spectrum (400 MHz, 298 K, CDCl3) of [PhEtP–BH2]n formed from PhEtPH·BH3 and CAACCy in 
toluene (* denotes residual partially protiated CDCl3, ~ denotes trace DCM, # denotes trace (CAACMe)H2, 
^denotes trace hexanes). 
 
Figure S2.52 11B{1H} (left) and 11B (right) NMR spectra (96 MHz, 298 K, CDCl3) of [PhEtP–BH2]n formed 
from PhEtPH·BH3 and CAACCy in toluene.  
 
Figure S2.53 31P{1H} (left) and 31P (right) NMR spectra (122 MHz, 295 K, CDCl3) of [PhEtP–BH2]n formed from 





Figure S2.54 ESI(+)-MS spectrum in positive mode in DCM of [PhEtP–BH2]n formed from PhEtPH·BH3 and CAACCy 
in toluene  The predominant species is a linear system with a CAACCy end group (H-[PhEtP–BH2]n-CAACCy)+.  
  
Figure S2.55 GPC chromatogram of [PhEtP–BH2]n formed from PhEtPH·BH3 and CAACCy in toluene. 2 mg mL-1 in 
THF with 0.1 w/w% nBu4NBr in the THF eluent. The highest molar mass peak accounts for ca. 18% of the 
precipitated material. The bimodal distribution can be explained by the competition between chain 
termination and propagation. Most of the material undergoes early termination, potentially by a free CAACCy 
unit as evidenced in the ESI-MS, whereas a small percentage of the material undergoes significant further 





Figure S2.56 Photograph of isolated [PhEtP–BH2]n.. 
2.5.6 Synthesis of CAACMe-phosphinoborane adducts 
2.5.6.1 Synthesis of 2.4a 
 
5 mL of a colourless toluene solution of CAACMe (142 mg, 0.497 mmol) was added to a vial 
charged with colourless solid tBu2PH·BH3 (40 mg, 0.25 mmol) at 22 °C, instantly a bright yellow 
solution resulted. After 20 min at 22 °C the solvent and volatiles were removed in vacuo 
resulting in a bright yellow microcrystalline solid which was washed with 2 mL of cold 
n-pentane three times to remove the soluble (CAACMe)H2 byproduct. The bright yellow 
crystalline product 2.4a was dried in vacuo. Yield = 57 mg (51%). Single crystals of 2.4a suitable 
for X-ray diffraction were obtained from slow evaporation of an n-pentane solution at 22 °C. 
1H NMR (400 MHz, 298 K, C6D6) δ = 7.11–7.07 (m, 1H, Dipp p-CH), 7.02 (s, 1H, Dipp m-CH), 
7.00 (d, 4JHH = 1.2 Hz, 1H, Dipp m-CH), 2.64 (sept, 3JHH = 6.6 Hz, 2H, CH(CH3)2), 1.84 (d, J = 2.0 
Hz, 6H, DippNC(CH3)2CH2), 1.50 (s, 2H, Me2CCH2CMe2), 1.47 (d, 3JHP = 10.0 Hz, 18H, 
P(C(CH3)3)2), 1.41 (d, 3JHH = 6.5 Hz, 6H, -CH(CH3)2), 1.14 (d, 3JHH = 6.6 Hz, 6H, -CH(CH3)2), 0.83 
(s, 6H, CC(CH3)2CH2).  
N.B. The BH2 resonances could not be observed in the 1H NMR spectrum. 
11B NMR (128 MHz, 298 K, C6D6) δ = -24.62 (td, 1JBH = 89.2, 1JBP = 42.1 Hz). 
11B{1H} NMR (128 MHz, 298 K, C6D6) δ = -24.62 (d, 1JBP = 42.1 Hz). 




31P{1H} NMR (162 MHz, 298 K, C6D6) δ = 13.23 (m, 1JBP = 41.4 Hz). 
13C{1H} NMR (101 MHz, 298 K, C6D6) δ = 145.48 (Dipp o-C), 133.95 (Dipp i-C), 129.22 (Dipp 
p-CH), 125.13 (Dipp m-CH), 75.40 (C(carbene)), 53.63 (m, Me2CCH2CMe2), 53.53 
(Me2CCH2CMe2), 32.45 (d, 2JCP = 12.1 Hz, P(C(CH3)3)2), 31.64 (d, 1JCP = 21.7 Hz, P(C(CH3)3)2), 
30.47 (d, J = 16.7 Hz, DippNC(CH3)2CH2), 29.15 (CH(CH3)2), 29.13 (CC(CH3)2CH2), 27.60 
(CH(CH3)2), 24.40 (-CH(CH3)2). 
Elemental analysis for C28H51BNP (calcd/expt): C (75.83/75.89), H (11.59/11.65), N (3.16/3.32). 
 
Figure S2.57 1H NMR spectrum (400 MHz, 298 K, C6D6) of 2.4a (*denotes residual partially protiated benzene). 
 





Figure S2.59 31P{1H} (left) and 31P (right) NMR spectra (162 MHz, 298 K, C6D6) of 2.4a. 
 
Figure S2.60 13C{1H} NMR spectrum (101 MHz, 298 K, C6D6) of 2.4a (*denotes benzene). 
 
Figure S2.61 ESI(+)-MS spectrum of H[2.4a]+ cation in DCM (sample injection performed under ambient 




2.5.6.2 Synthesis of 2.4b 
 
5 mL of a colourless toluene solution of CAACMe (142 mg, 0.497 mmol) was added to a vial 
charged with colourless solid Mes2PH·BH3 (70 mg, 0.25 mmol) at 22 °C, instantly a yellow 
solution resulted. After 20 min at 22 °C the solvent and volatiles were removed in vacuo 
resulting in yellow microcrystalline solids which were washed with 2 mL of n-pentane three 
times to remove the soluble (CAACMe)H2 byproduct. The yellow crystalline product 2.4b was 
dried in vacuo. Yield = 74 mg (52%). Single crystals of 2.4b suitable for X-ray diffraction were 
obtained from diffusion of n-pentane into a toluene solution of the compound at -40 °C.   
1H NMR (400 MHz, 298 K, C6D6) δ = 7.03 – 6.99 (m, 1H, Dipp p-CH), 6.92 (s, 1H, Dipp m-CH), 
6.90 (m, 1H, Dipp m-CH), 6.82 (d, 4JHH = 1.8 Hz, 4H, Mes m-CH), 2.64 (s, 12H, Mes 2,6-(CH3)), 
2.63 (sept, 3JHH = 6.6 Hz, 2H, CH(CH3)2),  2.17 (s, 6H, Mes 4-(CH3)), 1.79 (d, 4JHH = 1.8 Hz, 6H, 
DippNC(CH3)2CH2), 1.47 (s, 2H, Me2CCH2CMe2), 1.26 (d, 3JHH = 6.5 Hz, 6H, -CH(CH3)2), 1.11 (d, 
3JHH = 6.6 Hz, 6H, -CH(CH3)2), 0.82 (s, 6H, CC(CH3)2CH2). 
N.B. The BH2 resonances could not be observed in the 1H NMR spectrum. 
11B NMR (128 MHz, 298 K, C6D6) δ = -21.60 (br m). 
11B{1H} NMR (128 MHz, 298 K, C6D6) δ = -21.60 (br m). 
31P NMR (162 MHz, 298 K, C6D6) δ = -59.30 (br m). 
31P{1H} NMR (162 MHz, 298 K, C6D6) δ = -59.30 (br m). 
13C{1H} NMR (101 MHz, 298 K, C6D6) δ = 145.26 (Dipp o-C), 142.37 (d, JCP = 11.8 Hz, Mes i-C), 
140.45 (d, JCP = 17.8 Hz, Mes o-C), 134.47 (Mes p-C), 133.31 (Dipp i-C), 129.45 (Dipp p-CH), 
129.39 (d, J = 2.9 Hz, Mes m-CH), 125.30 (s, Dipp m-CH), 76.45 (s, C(carbene)), 54.09 
(Me2CCH2CMe2), 52.49 (m, Me2CCH2CMe2), 29.53 (d, J = 17.0 Hz, DippNC(CH3)2CH2), 29.27 
(CH(CH3)2), 29.16 (CC(CH3)2CH2), 27.05 (CH(CH3)2), 24.47 (CH(CH3)2), 23.97 (d, 3JCP = 12.2 Hz, 
Mes 2,6-(CH3)), 21.05 (Mes 4-(CH3)). 






Figure S2.62 1H NMR spectrum (400 MHz, 298 K, C6D6) of 2.4b (*denotes residual partially protiated C6D6).   
 
Figure S2.63 11B{1H} (left) and 11B (right) NMR spectra (128 MHz, 298 K, C6D6) of 2.4b. 
  





Figure S 2.65 13C{1H} NMR spectrum (101 MHz, 298 K, C6D6) of 2.4b (*denotes benzene).  
 
 
Figure S2.66 ESI(+)-MS spectrum of H[2.4b]+ cation in DCM (sample injection performed under ambient 
conditions in air). 
2.5.6.3 Reaction of Ph2PH·BH3 with two equivalents of CAACMe 
CAACMe (57 mg, 0.20 mmol) was added to solution of Ph2PH·BH3 (20 mg, 0.10 mmol) in thf-d8 
(0.5 mL) and heated to 60 °C for 2 h. 31P and 11B NMR spectra showed a number of unidentified 
peaks; however, ESI-MS showed the presence of short chain oligomers CAAC(BH2PPh2)x 





Figure S2.67 ESI(+)-MS spectrum in DCM of the products from the reaction of  Ph2PH·BH3 with two equiv. of 
CAACMe (sample injection performed under ambient conditions in air). 
2.5.7 Supplementary Tables 
2.5.7.1 X-ray crystallography 
X-ray diffraction experiments on 2.1b, 2.3c, 2.4a, 2.4b and (CAACMe)H2 were carried out at 
100(2) K on a Bruker APEX II CCD diffractometer using Mo-Kα radiation (λ = 0.71073 Å). 
Intensities were integrated in SAINT80 and absorption corrections based on equivalent 
reflections were applied using SADABS81. The structures were solved using SHELXT82 and 
refined against all F2 in SHELXL83 using Olex2.84 All the non-hydrogen atoms were refined 
anisotropically. While all of the hydrogen atoms were located geometrically and refined using 
a riding model, apart from the B-H protons in 2.1b, 2.3c, 2.4a and 2.4b which were located in 
the difference map and refined freely.  In 2.3c H9 and H26 were also located in the difference 
map with isotropic displacement parameters Uiso(H) = 1.2Ueq(C). Disordered portions of a 
THF solvent molecule in the structure of 2.1b·(THF) were successfully modelled over two 
positions and refined with the sum of the occupancies set to 1. Residual electron density from 
a disordered solvent molecule in the lattice of 2.4b was removed using a solvent mask in 
Olex2, and the contributions were excluded from the formula.   
Crystallographic data for compounds 2.1b, 2.3c, 2.4a, 2.4b and (CAACMe)H2 have been 
deposited with the Cambridge Crystallographic Data Centre as supplementary publication 
CCDC 1867656-1867660. Copies of the data can be obtained free of charge on application to 





Table S2.6 Selected crystallographic data for 2.1b, (CAACMe)H2 and 2.3c. 
Compound 2.1b·(THF) (CAACMe)H2 2.3c 
Empirical formula C43H58BN2OP C20H33N C28H45BNP 
Formula weight 1321.38 287.47 437.43 
Temperature/K 100(2) 100(2) 100(2) 
Crystal system triclinic orthorhombic monoclinic 
Space group Pī Pbcn Cc 
a/Å 12.6945(5) 12.3826(4) 9.0629(4) 
b/Å 16.3421(7) 12.3164(3) 19.2145(8) 
c/Å 19.2329(8) 23.6194(6) 15.3373(7) 
α/° 81.437(2) 90 90 
β/° 87.371(2) 90 103.835(3) 
γ/° 86.212(2) 90 90 
Volume/Å3 3934.2(3) 3602.17(17) 2593.3(2) 
Z 4 8 4 
ρcalc g/cm3 1.115 1.060 1.12 
μ/mm-1 0.104 0.060 0.121 
F(000) 1432.0 1280.0 960 
Crystal size/mm3 0.48 × 0.35 × 0.3 0.35 × 0.18 × 0.10 0.60 × 0.39 × 0.21 
2θ range for data collection/° 2.142 to 55.214 4.664 to 55.176 4.24 to 55.848 
Reflections collected 70384 32539 23735 
Independent reflections 18210 4173 5919 
Goodness-of-fit on F2 1.018 1.033 1.037 
Final R indexes [I>=2σ (I)] 
R1 = 0.0431, 
wR2 = 0.0959 
R1 = 0.0473, 
wR2 = 0.1128 
R1 = 0.0347, 
wR2 = 0.0835 
Final R indexes [all data] 
R1 = 0.0626, 
wR2 = 0.1045 
R1 = 0.0694, 
wR2 = 0.1251 
R1 = 0.0392, 
wR2 = 0.0856 
Largest diff. peak/hole / e Å-3 0.32/-0.27 0.34/-0.23 0.38/-0.19 
















Table S2.7 Selected crystallographic data for 2.4a and 2.4b. 
Compound 2.4a 2.4b 
Empirical formula C28H51BNP C38H55BNP 
Formula weight 443.47 567.61 
Temperature/K 100(2) 100(2) 
Crystal system monoclinic triclinic 
Space group P21/n Pī 
a/Å 9.3737(4) 11.4350(17) 
b/Å 21.3623(8) 12.2983(18) 
c/Å 14.3960(5) 14.056(2) 
α/° 90 70.215(7) 
β/° 97.875(2) 79.929(8) 
γ/° 90 89.278(7) 
Volume/Å3 2855.52(19) 1829.1(5) 
Z 4 2 
ρcalc g/cm3 1.032 1.031 
μ/mm-1 0.111 0.099 
F(000) 984.0 620.0 
Crystal size/mm3 0.48 × 0.45 × 0.4 0.5 × 0.2 × 0.15 
2θ range for data collection/° 3.434 to 55.062 3.524 to 55.174 
Reflections collected 27008 32259 
Independent reflections 6569 8380 
Goodness-of-fit on F2 1.032 1.028 
Final R indexes [I>=2σ (I)] 
R1 = 0.0388, 
wR2 = 0.0969 
R1 = 0.0445, 
wR2 = 0.1033 
Final R indexes [all data] 
R1 = 0.0463, 
wR2 = 0.1013 
R1 = 0.0672, 
wR2 = 0.1121 
Largest diff. peak/hole / e Å-3 0.56/-0.24 0.31/-0.32 
 
2.5.8 Supplementary Data 
2.5.8.1 Cartesian coordinates and SCF energies of the calculated structures 
A (THF); EH = −598.95586866 
 
 C                  0.97144300   -1.16398200   -0.30930900 
 C                  2.39826300   -0.65581200   -0.18809700 
 C                  2.29748500    0.88740000   -0.10623100 
 H                  2.96533500    1.31146200    0.65033600 
 H                  2.57391600    1.33033900   -1.06958900 
 C                  0.82783600    1.20935800    0.20338800 
 C                  2.99723300   -1.26869300    1.08739600 
 H                  2.98693400   -2.36191200    1.03292100 
 H                  2.44304700   -0.97107900    1.98351300 
 H                  4.03571200   -0.93815500    1.20580500 
 C                  3.22055000   -1.11021700   -1.39617800 
 H                  4.24651100   -0.73025000   -1.32183600 
 H                  2.78871400   -0.73947000   -2.33223000 
 H                  3.26015800   -2.20289300   -1.45021300 
 C                  0.58789500    1.57219900    1.66898200 
 H                  1.08581700    2.52045100    1.89539200 
 H                  0.98732100    0.80768100    2.34168600 
 H                 -0.47923700    1.69633400    1.87855600 
 C                  0.26573700    2.29997800   -0.70262000 
 H                 -0.79361400    2.48917400   -0.50335700 
 H                  0.38358300    2.03616600   -1.75825000 
 H                  0.81211600    3.23156900   -0.52282200 
 C                 -1.23743100   -0.26486700   -0.08382400 
 C                 -3.27192600   -0.78786100    1.10169500 
 H                 -3.77316100   -1.09252000    2.01591500 
 C                 -4.01080100   -0.54767300   -0.05615200 
 H                 -5.09098200   -0.66076800   -0.04640600 
 C                 -3.35763100   -0.17146500   -1.22936800 
 H                 -3.92610900    0.00569800   -2.13782500 




 C                 -1.88544900   -0.64697700    1.09020600 
 H                 -1.30046500   -0.84777200    1.98262300 
 C                 -1.97159700   -0.02823000   -1.24538200 
 H                 -1.45499600    0.25142100   -2.15837900 
 
A (toluene); EH = −598.95166567 
 
 C                  0.97215500   -1.16692100   -0.30540100 
 C                  2.39808900   -0.65565400   -0.18369900 
 C                  2.29890800    0.88847500   -0.10510500 
 H                  2.96303100    1.31347000    0.65464000 
 H                  2.58186600    1.33015300   -1.06736300 
 C                  0.82768500    1.21146400    0.19583200 
 C                  2.99473000   -1.26623300    1.09367000 
 H                  2.97641600   -2.35916900    1.04241300 
 H                  2.44132800   -0.96335500    1.98867400 
 H                  4.03510500   -0.94098500    1.21203400 
 C                  3.22058000   -1.11491700   -1.38959000 
 H                  4.24875900   -0.74037700   -1.31527100 
 H                  2.79100900   -0.74474200   -2.32690700 
 H                  3.25173400   -2.20758600   -1.44202700 
 C                  0.58048700    1.57943500    1.65919200 
 H                  1.07168400    2.53129400    1.88612000 
 H                  0.98156100    0.81888300    2.33552900 
 H                 -0.48837000    1.69709400    1.86410500 
 C                  0.27110300    2.30106300   -0.71519800 
 H                 -0.78992700    2.48934300   -0.52413100 
 H                  0.39621100    2.03561000   -1.76968600 
 H                  0.81509000    3.23407600   -0.53436600 
 C                 -1.23534500   -0.26513100   -0.08565200 
 C                 -3.26362900   -0.80922100    1.10113200 
 H                 -3.75970100   -1.13206500    2.01197200 
 C                 -4.00902200   -0.54711400   -0.04733000 
 H                 -5.08917600   -0.66031200   -0.03368900 
 C                 -3.36213900   -0.15131500   -1.21705500 
 H                 -3.93545200    0.03997500   -2.11964300 
 N                  0.19430000   -0.13097600   -0.10469500 
 C                 -1.87762600   -0.66913300    1.08385800 
 H                 -1.28598100   -0.89084800    1.96681000 
 C                 -1.97641800   -0.00893200   -1.23829500 
 H                 -1.46421600    0.28147600   -2.15027900 
 
B (THF); EH = −600.40015047 
 
 P                 -1.82986200   -0.58525300   -0.01679800 
 H                 -1.98888100   -1.52290400   -1.05598800 
 C                 -0.04703000   -0.23223000   -0.01675900 
 C                  0.89853400   -1.26507400    0.00901400 
 C                  0.37661900    1.09956400   -0.04232400 
 C                  2.25709300   -0.96300800    0.01016500 
 H                  0.57748200   -2.30340900    0.02740500 
 C                  1.73934400    1.39672100   -0.04111700 
 H                 -0.35698900    1.90041200   -0.06367600 
 C                  2.67792600    0.36784800   -0.01462000 
 H                  2.98798500   -1.76608600    0.03009200 
 H                  2.06447600    2.43270200   -0.06123500 
 H                  3.73898400    0.60026400   -0.01381200 
 B                 -3.02529200    0.92644500   -0.09935700 
 H                 -4.13611100    0.43604000   -0.08992900 
 H                 -2.76397200    1.49692700   -1.13874100 
 H                 -2.01151400   -1.42225400    1.10192100 
 H                 -2.78873100    1.58949600    0.88982600 
 
B (toluene); EH = −600.39658784 
 
 P                 -1.83256300   -0.58057900   -0.01902000 
 H                 -1.98521700   -1.52098300   -1.05855600 
 C                 -0.04806100   -0.23309000   -0.01753500 
 C                  0.89816700   -1.26487100    0.01081100 
 C                  0.37487100    1.09862900   -0.04506000 
 C                  2.25638100   -0.96286600    0.01252300 
 H                  0.57752800   -2.30353600    0.03079400 
 C                  1.73733000    1.39593600   -0.04326400 
 H                 -0.36065800    1.89774100   -0.06844100 
 C                  2.67627300    0.36796600   -0.01428200 
 H                  2.98779700   -1.76548000    0.03444900 
 H                  2.06202900    2.43202600   -0.06490000 
 H                  3.73724600    0.60092000   -0.01302600 
 B                 -3.02659000    0.93048400   -0.09704500 
 H                 -4.13540300    0.43829300   -0.08845800 
 H                 -2.75871900    1.49775500   -1.13566700 
 H                 -2.00761100   -1.42691400    1.09542400 
 H                 -2.78273800    1.58477000    0.89531600 
 
TS1 (THF); EH = −1199.35971457 
 
P                 -1.65668100    1.27758200    0.88668400 
 C                 -3.13280200    0.88525100   -0.10955600 
 C                 -3.14161500    1.07727700   -1.49877300 
 C                 -4.25972800    0.32356800    0.50365100 
 C                 -4.25532200    0.71966800   -2.25534600 
 H                 -2.27651700    1.51434200   -1.99206600 
 C                 -5.37133800   -0.03950800   -0.25638400 
 H                 -4.26807900    0.18028500    1.58078800 
 C                 -5.37286600    0.15803200   -1.63625700 
 H                 -4.25109400    0.88101900   -3.32996000 
 H                 -6.24018000   -0.47080300    0.23341600 
 H                 -6.24122000   -0.12006100   -2.22695000 
 B                 -2.02020800    1.54405000    2.78050100 
 H                 -0.95154700    1.88224300    3.26124100 
 H                 -2.37578400    0.45999100    3.21289600 
 H                 -1.20693600    2.46109100    0.25768300 
 H                 -2.87874800    2.39921000    2.90067800 
 C                  0.55497700   -0.97472900    0.10898000 
 C                  0.48248900   -2.47945000    0.18757500 




 H                  2.25066200   -3.76564600    0.50113100 
 H                  1.92741000   -3.36144100   -1.18548900 
 C                  2.83251400   -1.73786700   -0.07288300 
 C                  0.07149300   -2.84745300    1.62336700 
 H                 -0.90473900   -2.41989600    1.87223300 
 H                  0.79577600   -2.48862700    2.36116300 
 H                  0.00377000   -3.93697100    1.71596400 
 C                 -0.56820700   -3.00936300   -0.79247200 
 H                 -0.60335300   -4.10372100   -0.74745800 
 H                 -0.33409300   -2.71948200   -1.82221500 
 H                 -1.56230700   -2.62313100   -0.54617400 
 C                  3.65836400   -1.69515900    1.21186800 
 H                  4.37827100   -2.51929800    1.20540400 
 H                  3.02762900   -1.79922000    2.09939700 
 H                  4.22041900   -0.75949100    1.29189000 
 C                  3.74039000   -1.59493600   -1.28872500 
 H                  4.35598100   -0.69204900   -1.23276500 
 H                  3.16063900   -1.57167100   -2.21658200 
 H                  4.41363200   -2.45683700   -1.33139800 
 C                  2.19555800    0.75348100   -0.06989500 
 C                  2.71646500    2.79575900    1.09572700 
 H                  2.83476200    3.34059900    2.02757000 
 C                  2.91147700    3.44095400   -0.12457900 
 H                  3.18758100    4.49103100   -0.14629000 
 C                  2.74182200    2.73903200   -1.31757200 
 H                  2.88186500    3.24031200   -2.27074800 
 N                  1.80059300   -0.62923000   -0.03628900 
 C                  2.35885600    1.44922100    1.12685400 
 H                  2.19035500    0.94125200    2.07160000 
 C                  2.38311100    1.39278300   -1.29428900 
 H                  2.23455200    0.84344300   -2.21870400 
 H                 -0.59427400    0.19069600    0.47702100 
 
TS1 (toluene); EH = −1199.35332280 
 
P                 -1.56755600    1.28690000    0.72589600 
 C                 -3.16378400    0.74906500    0.02598300 
 C                 -3.40469900    0.80812700   -1.35443500 
 C                 -4.14643400    0.20600500    0.86249500 
 C                 -4.60532900    0.34187700   -1.88384900 
 H                 -2.65147700    1.22610200   -2.01848500 
 C                 -5.34531500   -0.26688000    0.32944000 
 H                 -3.97166200    0.16719400    1.93424100 
 C                 -5.57844700   -0.19952300   -1.04277400 
 H                 -4.78212000    0.40114500   -2.95452000 
 H                 -6.10152700   -0.68112500    0.99086700 
 H                 -6.51508200   -0.56309700   -1.45636000 
 B                 -1.56504700    1.45065600    2.66609200 
 H                 -0.46546500    1.89824300    2.94291400 
 H                 -1.70209700    0.31409400    3.08748600 
 H                 -1.37597700    2.52415300    0.06687100 
 H                 -2.47036500    2.18980600    3.00168100 
 C                  0.56622500   -0.80075100   -0.36618200 
 C                  0.37316200   -2.29198700   -0.24211000 
 C                  1.80857400   -2.87154300   -0.16746800 
 H                  1.90120700   -3.64566000    0.60028200 
 H                  2.07554100   -3.32898300   -1.12644800 
 C                  2.75013500   -1.68913600    0.11926600 
 C                 -0.43775600   -2.55882500    1.03767100 
 H                 -1.42436700   -2.08894800    0.98249000 
 H                  0.06492600   -2.17826200    1.93200600 
 H                 -0.58054900   -3.63816900    1.15988000 
 C                 -0.40268900   -2.82216700   -1.45181200 
 H                 -0.52203400   -3.90872800   -1.37297900 
 H                  0.12215700   -2.60510500   -2.38825000 
 H                 -1.39778000   -2.36985900   -1.50491100 
 C                  3.19053700   -1.60983600    1.58038500 
 H                  3.82763200   -2.46865100    1.81371400 
 H                  2.33339200   -1.62543500    2.25955500 
 H                  3.76943200   -0.70115600    1.77215600 
 C                  3.96513500   -1.66795500   -0.80066800 
 H                  4.59717800   -0.79365500   -0.61799800 
 H                  3.66614300   -1.67294000   -1.85350800 
 H                  4.56831800   -2.56245200   -0.61594100 
 C                  2.30985800    0.82547400   -0.18372700 
 C                  2.67802800    2.90534900    0.97058600 
 H                  2.60089500    3.50250700    1.87417900 
 C                  3.20833500    3.45682900   -0.19408300 
 H                  3.55551900    4.48584900   -0.19909600 
 C                  3.28049500    2.69049100   -1.35680200 
 H                  3.68096500    3.12013000   -2.27033400 
 N                  1.82627200   -0.52930800   -0.18354700 
 C                  2.22909500    1.58614500    0.98129500 
 H                  1.79295500    1.15919300    1.87916800 
 C                  2.82961100    1.37270000   -1.35569600 
 H                  2.86558900    0.77351000   -2.26028600 
 H                 -0.50526600    0.29839700    0.03702300 
 
TS1’ (THF); EH = −1199.35943684 
 
 C                 -2.68196600   -1.73467600   -0.37096400 
 C                 -1.43511800   -0.94720500   -0.05118900 
 C                 -3.22138600    0.66795100   -0.10063100 
 C                 -3.84826700   -0.73524400   -0.16924800 
 H                 -4.59042400   -0.79812500   -0.97064000 
 H                 -4.36412900   -0.95220000    0.77213400 
 C                 -2.79194900   -2.94747300    0.55810400 
 H                 -3.71364600   -3.49999500    0.34373800 
 H                 -1.94547700   -3.62706100    0.41736500 
 H                 -2.81515300   -2.64364600    1.60981900 
 C                 -2.56554800   -2.21683700   -1.82644500 
 H                 -1.68348100   -2.85162300   -1.95744500 
 H                 -3.45271000   -2.80305000   -2.09022400 
 H                 -2.48974000   -1.38108800   -2.52912600 
 C                 -3.72839500    1.47959800    1.08575100 




 H                 -4.80242600    1.65229600    0.96472800 
 H                 -3.57448700    0.94360100    2.02717400 
 C                 -3.38349700    1.46414500   -1.39441100 
 H                 -4.44397700    1.68461600   -1.55019800 
 H                 -2.84727600    2.41680900   -1.34570300 
 H                 -3.02048400    0.90292400   -2.26040900 
 N                 -1.76241900    0.30379100    0.08730200 
 C                 -0.77870100    1.32050300    0.34866200 
 C                 -0.12093900    1.93327500   -0.71667500 
 C                 -0.48087500    1.67175100    1.66399900 
 C                  0.83485500    2.91419300   -0.46129700 
 H                 -0.34843800    1.63221800   -1.73468400 
 C                  0.47841300    2.65149000    1.91166000 
 H                 -0.98585200    1.17107700    2.48417900 
 C                  1.13261600    3.27713000    0.85144100 
 H                  1.35273900    3.38736300   -1.29026500 
 H                  0.71830600    2.91910400    2.93640700 
 H                  1.88115200    4.03900200    1.04839100 
 H                  2.99066500   -2.45903700    2.98456900 
 H                  1.75051900   -0.86998100    3.20001100 
 H                  1.00829100   -2.74041900    3.29714100 
 B                  1.86712100   -2.02087300    2.81478700 
 C                  2.70328800   -1.07566600   -0.09055700 
 C                  2.78490500   -1.25341700   -1.47930800 
 C                  3.53402000   -0.12994300    0.52184000 
 C                  3.68214700   -0.50399500   -2.23666500 
 H                  2.14873500   -1.98539600   -1.97157300 
 C                  4.42801100    0.62321900   -0.23873200 
 H                  3.48260600    0.01021100    1.59802500 
 C                  4.50532400    0.43818700   -1.61807800 
 H                  3.74022700   -0.65707200   -3.31097700 
 H                  5.06947400    1.35152600    0.25018600 
 H                  5.20591300    1.02155500   -2.20912800 
 P                  1.48619300   -1.99866700    0.90557500 
 H                  1.59145200   -3.29010400    0.33797900 
 H                  0.07706700   -1.50089300    0.40472800 
 
TS1’ (toluene); EH = −1199.35272843 
 
 C                 -2.63351900   -1.72423300   -0.55007300 
 C                 -1.39619800   -0.86556600   -0.44555800 
 C                 -3.22243700    0.55676000    0.21702000 
 C                 -3.75745700   -0.88110400    0.10280500 
 H                 -4.68745500   -0.91352000   -0.47308200 
 H                 -3.97781300   -1.26999300    1.10269800 
 C                 -2.42045100   -3.05984700    0.16912700 
 H                 -3.33689200   -3.65880700    0.12393300 
 H                 -1.61617000   -3.63428600   -0.30125800 
 H                 -2.16161100   -2.91273300    1.22274200 
 C                 -2.88953700   -1.98639300   -2.04359300 
 H                 -2.04057300   -2.50592300   -2.49856400 
 H                 -3.77952800   -2.61505300   -2.15873200 
 H                 -3.05519900   -1.05832400   -2.59971400 
 C                 -3.44371200    1.15411300    1.60214500 
 H                 -3.01768800    2.15852000    1.68420300 
 H                 -4.51975800    1.22940400    1.78861400 
 H                 -3.00821500    0.52135500    2.38132400 
 C                 -3.77372400    1.49462000   -0.85596600 
 H                 -4.84576400    1.64211900   -0.69259000 
 H                 -3.28976600    2.47520400   -0.81170000 
 H                 -3.63510900    1.08283200   -1.85995900 
 N                 -1.74981000    0.31899400   -0.03609900 
 C                 -0.79365400    1.38441700    0.10195100 
 C                 -0.43540900    2.13165700   -1.01881100 
 C                 -0.21781400    1.64446800    1.34389500 
 C                  0.49819300    3.15712900   -0.89109800 
 H                 -0.87671900    1.89792200   -1.98300500 
 C                  0.71848200    2.66921500    1.46218400 
 H                 -0.47628600    1.03135900    2.20120400 
 C                  1.07267900    3.42951400    0.34942600 
 H                  0.78329000    3.73598000   -1.76461100 
 H                  1.17941200    2.86231000    2.42626100 
 H                  1.80598500    4.22480500    0.44563100 
 H                  2.38643500   -2.47756800    3.03629000 
 H                  1.21166600   -0.82462400    3.01743700 
 H                  0.36820500   -2.65325400    2.93620700 
 B                  1.34524100   -1.98054200    2.65250700 
 C                  2.76876000   -1.05854800   -0.03371200 
 C                  3.04978200   -1.16059600   -1.40357000 
 C                  3.56902100   -0.23161700    0.76295000 
 C                  4.11323500   -0.45626300   -1.96172500 
 H                  2.43705000   -1.79815600   -2.03678300 
 C                  4.62985100    0.47761200    0.20101800 
 H                  3.36251600   -0.15538600    1.82694300 
 C                  4.90542700    0.36686100   -1.16038900 
 H                  4.32474400   -0.55023500   -3.02357300 
 H                  5.24694400    1.11188100    0.83188400 
 H                  5.73603300    0.91543100   -1.59604600 
 P                  1.34944600   -1.93170700    0.70627000 
 H                  1.49876600   -3.22308400    0.14605700 
 H                  0.03760200   -1.37826100   -0.04116000 
 
C-1pair (THF); EH = −1199.38697716 
 
 P                 -1.90102800    1.79534200    0.59116600 
 C                 -3.23497300    0.70380000   -0.04729500 
 C                 -3.63919500    0.74232200   -1.39347700 
 C                 -3.81546100   -0.27266800    0.77863000 
 C                 -4.58427500   -0.15190100   -1.89132900 
 H                 -3.20864100    1.48703200   -2.06035600 
 C                 -4.75323900   -1.17738100    0.27908700 
 H                 -3.53813900   -0.30889000    1.82938500 
 C                 -5.14416400   -1.12323100   -1.05832400 
 H                 -4.88587600   -0.09056900   -2.93436600 
 H                 -5.18893700   -1.92032600    0.94313700 




 B                 -2.28201400    2.16529600    2.49544300 
 H                 -1.50954800    3.06278100    2.81453200 
 H                 -2.00583100    1.14470700    3.11954600 
 H                 -2.29519400    2.97272900   -0.10506900 
 H                 -3.45015300    2.48891200    2.67077800 
 C                  0.68238100   -0.67047100   -0.07430400 
 C                  0.25490300   -2.09216300   -0.15041400 
 C                  1.59116400   -2.81674900   -0.44097300 
 H                  1.71510000   -3.70087900    0.18905200 
 H                  1.61162200   -3.14865600   -1.48311000 
 C                  2.73296400   -1.80565400   -0.19774200 
 C                 -0.36175100   -2.47839400    1.20767900 
 H                 -1.25071400   -1.87763300    1.42045800 
 H                  0.34743100   -2.35499600    2.03099700 
 H                 -0.66017800   -3.53047100    1.16674900 
 C                 -0.78574200   -2.27842700   -1.26228100 
 H                 -1.05266900   -3.33794800   -1.32500600 
 H                 -0.39210600   -1.96734200   -2.23467700 
 H                 -1.69460600   -1.70615000   -1.05212100 
 C                  3.45744500   -2.01456800    1.12930500 
 H                  3.99778100   -2.96422900    1.08700500 
 H                  2.75950700   -2.05445100    1.97029800 
 H                  4.18579800   -1.21962800    1.31356200 
 C                  3.72345300   -1.75490200   -1.35257400 
 H                  4.51296800   -1.01828300   -1.18030200 
 H                  3.22285600   -1.53309600   -2.29969700 
 H                  4.19542700   -2.73767100   -1.44114900 
 C                  2.59099400    0.77688400    0.03820400 
 C                  3.27996700    2.58686600    1.45544200 
 H                  3.34429000    3.03658400    2.44115900 
 C                  3.78699600    3.25448800    0.34222600 
 H                  4.25268700    4.22810400    0.46027200 
 C                  3.68746100    2.68030600   -0.92446300 
 H                  4.06907600    3.20554600   -1.79440100 
 N                  1.95693000   -0.50800100   -0.11060900 
 C                  2.67716000    1.34002900    1.30922900 
 H                  2.27137800    0.81430100    2.16775300 
 C                  3.08765900    1.43389000   -1.08514600 
 H                  2.99058200    0.98826900   -2.06948900 
 H                  0.00614400    0.19394400    0.03709900 
 
C-1pair (toluene); EH = −1199.37560183 
 
 P                 -1.22332800    1.08417700    0.27320000 
 C                 -2.86718300    0.28225900    0.05404900 
 C                 -3.56967900    0.39800000   -1.15784400 
 C                 -3.42238600   -0.52804000    1.05537500 
 C                 -4.78233500   -0.25671800   -1.35623200 
 H                 -3.15896400    1.01492900   -1.95505700 
 C                 -4.62882900   -1.20062300    0.85214400 
 H                 -2.91190900   -0.60655400    2.01182300 
 C                 -5.31653800   -1.06786300   -0.35241900 
 H                 -5.31162500   -0.13769000   -2.29877900 
 H                 -5.03969500   -1.81841500    1.64745100 
 H                 -6.26058300   -1.58344800   -0.50743800 
 B                 -0.80592100    1.11416700    2.20520200 
 H                  0.04791800    1.98276900    2.33983000 
 H                 -0.32282700    0.01470400    2.48455100 
 H                 -1.62655400    2.41080000   -0.04270800 
 H                 -1.78879700    1.34920900    2.89038500 
 C                  1.18689500   -1.40629100   -0.28620000 
 C                  0.66626500   -2.79801800   -0.21383500 
 C                  1.94400300   -3.59973200    0.12754100 
 H                  1.76051300   -4.33976900    0.91060300 
 H                  2.29176800   -4.13713800   -0.76051100 
 C                  3.02039300   -2.58738600    0.57045300 
 C                 -0.40990800   -2.87464600    0.88424800 
 H                 -1.26312700   -2.23335600    0.64787400 
 H                 -0.02476100   -2.57310400    1.86153000 
 H                 -0.76241500   -3.90902500    0.95062400 
 C                  0.05320900   -3.19720900   -1.56318200 
 H                 -0.28321200   -4.23738600   -1.50953700 
 H                  0.78033800   -3.11510700   -2.37730700 
 H                 -0.81226400   -2.57210700   -1.80146100 
 C                  3.16054800   -2.46980300    2.08699300 
 H                  3.56493100   -3.40709900    2.47963200 
 H                  2.19793600   -2.27959000    2.56910600 
 H                  3.84811100   -1.66323000    2.35783100 
 C                  4.37078300   -2.86642700   -0.07368300 
 H                  5.13181700   -2.14706700    0.23949700 
 H                  4.30363000   -2.87186300   -1.16586500 
 H                  4.69991900   -3.85967600    0.24608400 
 C                  3.08943200   -0.01921400    0.16764400 
 C                  3.25621000    2.14305400    1.18854700 
 H                  2.88632700    2.87231200    1.90248600 
 C                  4.33790100    2.44281800    0.36392000 
 H                  4.82645300    3.40971800    0.43891900 
 C                  4.78421900    1.50947400   -0.57159500 
 H                  5.61282300    1.74866800   -1.23104900 
 N                  2.41875600   -1.29047400    0.06924000 
 C                  2.62261400    0.90593800    1.09763900 
 H                  1.76007100    0.68202800    1.72190600 
 C                  4.16012000    0.26988500   -0.67782800 
 H                  4.48512800   -0.44643300   -1.42433300 
 H                  0.58701100   -0.52101500   -0.55094900 
 
C-1’pair (THF); EH = −1199.38666950 
 
 C                 -1.44521700    0.11390900   -1.63118400 
 C                 -0.90034500    0.53345500   -0.31389600 
 C                 -3.20040800    0.92176900   -0.05354500 
 C                 -2.91993700    0.57140000   -1.53144100 
 H                 -3.07268200    1.45860300   -2.15290400 
 H                 -3.60736600   -0.20118500   -1.88435000 
 C                 -1.28876400   -1.41558500   -1.74113200 




 H                 -0.23505100   -1.70858000   -1.70683000 
 H                 -1.82050100   -1.94065100   -0.94231500 
 C                 -0.67866500    0.79736900   -2.77038500 
 H                  0.37765000    0.51235300   -2.76413900 
 H                 -1.11404000    0.49112500   -3.72657600 
 H                 -0.74250400    1.88714300   -2.69856400 
 C                 -3.97674800   -0.16199800    0.68980400 
 H                 -4.05815100    0.06672600    1.75634600 
 H                 -4.98824000   -0.21350500    0.27748300 
 H                 -3.51093400   -1.14461900    0.57457600 
 C                 -3.87405700    2.27749200    0.10655900 
 H                 -4.84798800    2.23616400   -0.38948100 
 H                 -4.04423000    2.52730700    1.15737800 
 H                 -3.28872800    3.07287500   -0.36392400 
 N                 -1.79287100    0.96138100    0.50622300 
 C                 -1.49686700    1.32253000    1.86848900 
 C                 -1.44047200    2.66602200    2.23176600 
 C                 -1.25374900    0.30776800    2.79137600 
 C                 -1.13946600    2.99341200    3.55136700 
 H                 -1.60725800    3.44247500    1.49307900 
 C                 -0.95497400    0.64934200    4.10797000 
 H                 -1.29246100   -0.73143700    2.47981300 
 C                 -0.90096700    1.98896900    4.48845900 
 H                 -1.08265000    4.03753700    3.84252000 
 H                 -0.75931100   -0.13458600    4.83276500 
 H                 -0.66438800    2.25143100    5.51505000 
 H                  4.74220900    0.49817900   -1.61300800 
 H                  2.92849400    0.94524800   -2.39105100 
 H                  3.73455600    2.15338600   -1.01065000 
 B                  3.64307200    0.99173600   -1.39403500 
 C                  2.81841500   -1.76606000   -0.30597900 
 C                  2.85448900   -2.71975400    0.72633200 
 C                  2.80088100   -2.23875400   -1.62837500 
 C                  2.87711000   -4.08504100    0.44983900 
 H                  2.87105000   -2.38659700    1.76237100 
 C                  2.81122900   -3.60598400   -1.90724100 
 H                  2.79804400   -1.52259200   -2.44652900 
 C                  2.85011000   -4.53816800   -0.87093100 
 H                  2.91736300   -4.79912000    1.26907100 
 H                  2.80188600   -3.94286000   -2.94127300 
 H                  2.86690100   -5.60282800   -1.08758200 
 P                  2.68225600    0.03304600    0.04292500 
 H                  3.56194200    0.05815200    1.16152500 
 H                  0.16076100    0.46931600   -0.01991900 
 
D (THF); EH = −599.45005436 
 
 C                  1.20306100   -1.42254200   -0.33180200 
 C                  0.66969600   -2.80629900   -0.24461700 
 C                  1.92771900   -3.60053400    0.18205700 
 H                  1.70581500   -4.29708600    0.99374600 
 H                  2.29729300   -4.18609500   -0.66437600 
 C                  3.00505900   -2.58120500    0.61402500 
 C                 -0.44912700   -2.82773600    0.81446300 
 H                 -1.28163500   -2.17984900    0.52498800 
 H                 -0.08945300   -2.51525400    1.79867300 
 H                 -0.82679200   -3.85117800    0.89756500 
 C                  0.11023900   -3.25253300   -1.60156500 
 H                 -0.23399200   -4.28767200   -1.51940100 
 H                  0.87163400   -3.20715300   -2.38549600 
 H                 -0.74071600   -2.63408700   -1.90189300 
 C                  3.15016300   -2.45241600    2.12779400 
 H                  3.55161800   -3.39072400    2.51979800 
 H                  2.18874500   -2.26374200    2.61344700 
 H                  3.84451400   -1.65086100    2.39499600 
 C                  4.35297700   -2.84502400   -0.04148000 
 H                  5.10147600   -2.10325100    0.24922000 
 H                  4.27187300   -2.87136900   -1.13203200 
 H                  4.70591700   -3.82469500    0.29327400 
 C                  3.07722800   -0.01558500    0.17812700 
 C                  3.37242400    2.08636100    1.29662800 
 H                  3.11026000    2.77082700    2.09710200 
 C                  4.34202800    2.43795500    0.35932000 
 H                  4.83906000    3.40051100    0.42949100 
 C                  4.67115300    1.55968300   -0.67241800 
 H                  5.41783000    1.83731600   -1.40955600 
 N                  2.40723800   -1.28792300    0.09176200 
 C                  2.73168200    0.85271700    1.21130300 
 H                  1.97602000    0.56596400    1.93612400 
 C                  4.03996200    0.32234400   -0.77024700 
 H                  4.27972900   -0.35947200   -1.57908600 
 H                  0.65174200   -0.55766600   -0.69495400 
 
D (toluene); EH = −599.43047691 
 
 C                  1.20458100   -1.42266800   -0.32825300 
 C                  0.66911900   -2.80578100   -0.24246300 
 C                  1.92929400   -3.60158900    0.17592200 
 H                  1.70997100   -4.30377700    0.98361900 
 H                  2.29661000   -4.18249900   -0.67493400 
 C                  3.00744700   -2.58401300    0.61093700 
 C                 -0.44526400   -2.83140000    0.82139200 
 H                 -1.27940500   -2.18131500    0.54113000 
 H                 -0.08145300   -2.52752800    1.80696200 
 H                 -0.82611200   -3.85398600    0.90005200 
 C                  0.10324700   -3.24579900   -1.59913000 
 H                 -0.24174000   -4.28098600   -1.52180300 
 H                  0.85985800   -3.19809200   -2.38782700 
 H                 -0.74973400   -2.62716200   -1.89368500 
 C                  3.14797100   -2.45263100    2.12507300 
 H                  3.54727900   -3.38957800    2.52254100 
 H                  2.18506200   -2.26206700    2.60737800 
 H                  3.84163000   -1.65097600    2.39353700 
 C                  4.35686500   -2.84956500   -0.04053100 
 H                  5.10607500   -2.10915800    0.25140300 




 H                  4.70885100   -3.82949500    0.29462100 
 C                  3.08075600   -0.01579100    0.17583800 
 C                  3.36253400    2.09078600    1.28888600 
 H                  3.09359800    2.77794800    2.08469600 
 C                  4.33842300    2.44048700    0.35774200 
 H                  4.83271000    3.40429500    0.42795900 
 C                  4.67795700    1.55920900   -0.66775600 
 H                  5.42969900    1.83631000   -1.39983000 
 N                  2.41129000   -1.28898200    0.08873000 
 C                  2.72519700    0.85563000    1.20312600 
 H                  1.96676700    0.56868100    1.92539900 
 C                  4.05073100    0.32010900   -0.76591400 
 H                  4.29917900   -0.36397300   -1.57041400 
 H                  0.65335000   -0.55565400   -0.68790000 
 
E (THF); EH = −599.91947563 
 
 P                 -1.39385600    0.91193500    0.75408000 
 C                 -3.05943300    0.55339700    0.06430100 
 C                 -3.39655800    0.84655500   -1.26892200 
 C                 -4.02331800   -0.10746700    0.84456200 
 C                 -4.63799600    0.49796000   -1.79740100 
 H                 -2.67494100    1.35859500   -1.90258100 
 C                 -5.26314100   -0.46531300    0.31593100 
 H                 -3.79793500   -0.33280800    1.88402200 
 C                 -5.58073600   -0.16466000   -1.00896600 
 H                 -4.87096800    0.74624400   -2.83043200 
 H                 -5.98840600   -0.97460800    0.94656800 
 H                 -6.54864000   -0.43834100   -1.42032100 
 B                 -1.67197300    1.59038800    2.59619600 
 H                 -0.58985000    2.05787300    2.94105600 
 H                 -1.94345400    0.62453700    3.30321300 
 H                 -1.16884600    2.09622300   -0.00791800 
 H                 -2.56080100    2.43573000    2.64179000 
 
E (toluene); EH = −599.89434458 
 
 P                 -1.39572200    0.99952800    0.71798200 
 C                 -3.05965600    0.60257000    0.04244100 
 C                 -3.38820800    0.81714000   -1.30821200 
 C                 -4.02988700   -0.01312900    0.85092500 
 C                 -4.62539300    0.44087100   -1.82530100 
 H                 -2.65840100    1.28904000   -1.96371400 
 C                 -5.26450400   -0.40351300    0.33331700 
 H                 -3.81058900   -0.16621200    1.90464800 
 C                 -5.57371100   -0.17870100   -1.00819200 
 H                 -4.85112400    0.63029700   -2.87281500 
 H                 -5.99502300   -0.87520300    0.98745300 
 H                 -6.53881200   -0.47618700   -1.41063200 
 B                 -1.66316100    1.51780600    2.61381900 
 H                 -0.60000600    2.01971400    2.96720600 
 H                 -1.85712900    0.48318300    3.24680900 
 H                 -1.26125700    2.24780000    0.03863400 
 H                 -2.59826800    2.30123700    2.74081100 
 
F (THF); EH = −1199.42894789 
 
 C                  0.11742900   -1.84851500   -0.99847200 
 C                 -0.05712800   -0.43317100   -0.40967200 
 C                 -2.10509900   -1.67414100    0.09544500 
 C                 -0.92384600   -2.62563300   -0.18730100 
 H                 -1.25849600   -3.53378000   -0.69870400 
 H                 -0.47150600   -2.92975600    0.76412400 
 C                  1.51202800   -2.45242200   -0.85287100 
 H                  1.52127000   -3.45142700   -1.30249300 
 H                  2.26616600   -1.85020300   -1.36979600 
 H                  1.80871600   -2.56031400    0.19439400 
 C                 -0.22086100   -1.77882600   -2.49566500 
 H                  0.60262800   -1.30955900   -3.04527600 
 H                 -0.36758400   -2.78513900   -2.90267800 
 H                 -1.12375600   -1.19493900   -2.69168700 
 C                 -2.61547700   -1.94331600    1.51903600 
 H                 -3.55928300   -1.44386400    1.74820300 
 H                 -2.78875000   -3.01958800    1.62858100 
 H                 -1.87112200   -1.64301000    2.26021300 
 C                 -3.24453100   -1.89899300   -0.90929500 
 H                 -3.67117500   -2.89340200   -0.74227600 
 H                 -4.05019600   -1.17061500   -0.79432300 
 H                 -2.89384100   -1.85243900   -1.94180600 
 N                 -1.46247500   -0.33686300   -0.07423400 
 P                  1.00943800    0.02012200    1.09124600 
 H                  0.40911900    1.25871600    1.39559900 
 B                  1.12830400   -1.08315200    2.68176100 
 H                  1.83902900   -0.41064100    3.40540100 
 H                  0.00283700   -1.18355000    3.11701300 
 H                  1.62810400   -2.14856100    2.38846300 
 C                  2.62924000    0.53439000    0.43677200 
 C                  2.74753800    1.62787800   -0.43111000 
 C                  3.77730500   -0.17480700    0.80748600 
 C                  3.99445900    1.99777200   -0.92932500 
 H                  1.87164900    2.20737500   -0.71197300 
 C                  5.02336600    0.19674900    0.30699700 
 H                  3.69450300   -1.01406000    1.49222900 
 C                  5.13320400    1.28041900   -0.56317700 
 H                  4.07666500    2.84970500   -1.59800700 
 H                  5.90911600   -0.35861600    0.60152400 
 H                  6.10557900    1.57078900   -0.95063300 
 C                 -2.11786200    0.88858600   -0.04670000 
 C                 -1.49352300    2.06808900   -0.51239100 
 C                 -3.43193100    1.02962600    0.45042200 
 C                 -2.14755500    3.29681200   -0.49090500 
 H                 -0.48788400    2.04395800   -0.91283600 
 C                 -4.07620000    2.26137400    0.46149700 
 H                 -3.96229100    0.17528200    0.84418600 
 C                 -3.44741700    3.41382500   -0.00718100 




 H                 -5.08832900    2.31402000    0.85438000 
 H                 -3.95390000    4.37374400    0.00963800 
 H                  0.22686000    0.30266500   -1.17092500 
 
F (toluene); EH = −1199.42469202 
 
 C                  0.11604700   -1.85333900   -0.99712400 
 C                 -0.05402900   -0.43819000   -0.40691200 
 C                 -2.10535600   -1.67166300    0.09743400 
 C                 -0.92620400   -2.62705100   -0.18355000 
 H                 -1.26356700   -3.53549300   -0.69321600 
 H                 -0.47365100   -2.92974200    0.76814900 
 C                  1.50986200   -2.46000600   -0.85513500 
 H                  1.51822400   -3.45725500   -1.30892800 
 H                  2.26466000   -1.85670200   -1.37015500 
 H                  1.80700400   -2.57202100    0.19134200 
 C                 -0.22594800   -1.78143100   -2.49341600 
 H                  0.59848300   -1.31652200   -3.04559900 
 H                 -0.37834600   -2.78652900   -2.90174000 
 H                 -1.12650400   -1.19288400   -2.68655800 
 C                 -2.61394600   -1.93410700    1.52296600 
 H                 -3.55640800   -1.43155600    1.75110700 
 H                 -2.78911000   -3.00958100    1.63808100 
 H                 -1.86852500   -1.63257800    2.26240900 
 C                 -3.24670100   -1.89764100   -0.90515400 
 H                 -3.68274800   -2.88637300   -0.72816500 
 H                 -4.04532100   -1.16025100   -0.79893500 
 H                 -2.89584900   -1.86464200   -1.93819500 
 N                 -1.46052100   -0.33730500   -0.07903800 
 P                  1.00689700    0.00440400    1.10136700 
 H                  0.39881500    1.23753600    1.41406300 
 B                  1.13994400   -1.11857800    2.67594500 
 H                  1.84301300   -0.44417500    3.40364300 
 H                  0.01638900   -1.23767400    3.10888200 
 H                  1.65312500   -2.17167400    2.36328000 
 C                  2.62087200    0.53509100    0.44337500 
 C                  2.72942100    1.62691100   -0.42754100 
 C                  3.77551600   -0.16177700    0.81585700 
 C                  3.97209500    2.00685700   -0.92806200 
 H                  1.84748500    2.19818300   -0.70716900 
 C                  5.01748800    0.21936700    0.31279600 
 H                  3.69907800   -0.99698800    1.50631100 
 C                  5.11717100    1.30063000   -0.56099900 
 H                  4.04661100    2.85818400   -1.59857600 
 H                  5.90862400   -0.32623100    0.60948500 
 H                  6.08671900    1.59866400   -0.94986900 
 C                 -2.11144000    0.89083000   -0.05221700 
 C                 -1.48282900    2.06690600   -0.51950600 
 C                 -3.42451700    1.03753400    0.44425800 
 C                 -2.13258900    3.29762700   -0.50131800 
 H                 -0.47665700    2.03717400   -0.91851900 
 C                 -4.06434200    2.27106800    0.45218700 
 H                 -3.95609300    0.18568700    0.84168900 
 C                 -3.43179000    3.41986100   -0.01895000 
 H                 -1.60440400    4.17082400   -0.87557500 
 H                 -5.07598300    2.32868100    0.84548500 
 H                 -3.93489300    4.38146600   -0.00421400 
 H                  0.23527200    0.29713900   -1.16686400 
 
F’ (THF); EH = −1199.42684957 
 
 C                  0.24568100    2.37301400   -0.16531900 
 C                 -0.23417100    1.08534900    0.57985900 
 C                 -1.78724400    1.35891100   -1.19265300 
 C                 -0.71630100    2.43875100   -1.37595400 
 H                 -1.16861600    3.43021900   -1.48093000 
 H                 -0.15910200    2.23460900   -2.29662100 
 C                  1.68646400    2.31225700   -0.68002500 
 H                  1.88761300    3.20576900   -1.28177600 
 H                  2.41470700    2.29631100    0.13738200 
 H                  1.85163700    1.43780500   -1.31599600 
 C                  0.10359700    3.58857100    0.75576100 
 H                  0.73442200    3.48075300    1.64445700 
 H                  0.41219900    4.49834000    0.22933900 
 H                 -0.93118000    3.72743800    1.08682200 
 C                 -2.23282200    0.79632000   -2.53741500 
 H                 -3.02389900    0.04879300   -2.42553500 
 H                 -2.63065700    1.60937300   -3.15402000 
 H                 -1.38952400    0.34327100   -3.06799100 
 C                 -3.00953500    1.90233100   -0.43971300 
 H                 -3.48606900    2.69257000   -1.02880200 
 H                 -3.74957000    1.11379800   -0.27012600 
 H                 -2.74084500    2.33008100    0.53147600 
 N                 -1.03784300    0.34427800   -0.38438100 
 P                  1.07343200    0.06979500    1.44290600 
 C                 -1.79436900   -0.77076000    0.08248000 
 C                 -2.34164800   -0.84514400    1.37144500 
 C                 -1.99799800   -1.85106500   -0.78770700 
 C                 -3.06677200   -1.96548200    1.77419700 
 H                 -2.21039000   -0.02651500    2.07276000 
 C                 -2.73807900   -2.96187800   -0.39001000 
 H                 -1.55966100   -1.81507000   -1.78029200 
 C                 -3.27357000   -3.02737100    0.89578600 
 H                 -3.47623100   -2.00200400    2.78003500 
 H                 -2.88124100   -3.78586300   -1.08368900 
 H                 -3.83918300   -3.89898600    1.21188600 
 H                  0.28544600   -0.99937100    1.91028500 
 H                  2.56154500    0.12613800    3.49481300 
 H                  2.61594400    1.87495100    2.47392300 
 H                  0.99421200    1.40149800    3.58758800 
 B                  1.92172500    0.98485700    2.92005700 
 C                  2.19748400   -0.76711700    0.28368100 
 C                  1.73034200   -1.69687300   -0.65348600 
 C                  3.56916600   -0.50294000    0.37095300 
 C                  2.62684300   -2.33963300   -1.50423700 




 C                  4.46217600   -1.14930600   -0.48082700 
 H                  3.93600800    0.20682600    1.10720100 
 C                  3.99175100   -2.06477400   -1.42140600 
 H                  2.25844100   -3.05975400   -2.22933700 
 H                  5.52536400   -0.93980800   -0.40651700 
 H                  4.68868400   -2.56945700   -2.08456100 
 H                 -0.82573200    1.42051200    1.45236100 
 
F’ (toluene); EH = −1199.42294119 
 
 C                  0.24731800    2.36638500   -0.16989200 
 C                 -0.23299400    1.08030300    0.57765400 
 C                 -1.78906700    1.35386000   -1.19227500 
 C                 -0.71645300    2.43156600   -1.37914900 
 H                 -1.16713900    3.42387900   -1.48536100 
 H                 -0.16107700    2.22446900   -2.30033000 
 C                  1.68754100    2.30360800   -0.68612400 
 H                  1.88911900    3.19630300   -1.28918600 
 H                  2.41594500    2.28852500    0.13094400 
 H                  1.85176000    1.42793000   -1.32054700 
 C                  0.10829500    3.58283000    0.75061800 
 H                  0.73715900    3.47295600    1.64024500 
 H                  0.42050900    4.49176800    0.22464700 
 H                 -0.92661100    3.72558000    1.08016200 
 C                 -2.23830900    0.79068700   -2.53574500 
 H                 -3.03135400    0.04555700   -2.42182600 
 H                 -2.63461400    1.60348300   -3.15381500 
 H                 -1.39642000    0.33479500   -3.06618800 
 C                 -3.00949800    1.90039400   -0.43817400 
 H                 -3.48855700    2.68863000   -1.02808900 
 H                 -3.74884300    1.11251300   -0.26278600 
 H                 -2.73752300    2.33194700    0.53041900 
 N                 -1.04056900    0.33973400   -0.38423100 
 P                  1.07540900    0.06948500    1.44490300 
 C                 -1.79739400   -0.77320400    0.08550000 
 C                 -2.33733000   -0.84769200    1.37744800 
 C                 -2.00883000   -1.85268700   -0.78368700 
 C                 -3.06304700   -1.96606300    1.78337700 
 H                 -2.19830100   -0.03022500    2.07869600 
 C                 -2.74960900   -2.96144600   -0.38269400 
 H                 -1.57525900   -1.81674300   -1.77838600 
 C                 -3.27798300   -3.02637400    0.90563700 
 H                 -3.46610500   -2.00264600    2.79177100 
 H                 -2.89879800   -3.78484900   -1.07582600 
 H                 -3.84383200   -3.89675500    1.22450900 
 H                  0.28779000   -1.00237600    1.90810600 
 H                  2.55661700    0.14021200    3.49773600 
 H                  2.60643700    1.88323100    2.46404100 
 H                  0.98280700    1.40970600    3.57680500 
 B                  1.91668600    0.99409600    2.91828300 
 C                  2.19949200   -0.76342600    0.28224400 
 C                  1.73320200   -1.66398000   -0.68313200 
 C                  3.57320000   -0.52328900    0.39785100 
 C                  2.63338200   -2.30185200   -1.53316900 
 H                  0.67069500   -1.86724600   -0.76871300 
 C                  4.46966700   -1.16474900   -0.45382000 
 H                  3.93699100    0.16295200    1.15764500 
 C                  4.00071500   -2.05102600   -1.42204200 
 H                  2.26614700   -2.99999700   -2.28018300 
 H                  5.53472000   -0.97449000   -0.35718300 
 H                  4.70052500   -2.55224300   -2.08493200 
 H                 -0.82363500    1.41936000    1.44941100 
 
TS4 (THF); EH = −1199.39272398 
 
 C                  0.19480000    2.22889700   -0.49459400 
 C                  0.50814500    0.76616300   -0.62230500 
 C                  2.27930100    1.57534600    0.70679800 
 C                  1.15906100    2.63853200    0.63871200 
 H                  1.57038100    3.63960300    0.48240500 
 H                  0.61169600    2.64662700    1.58623900 
 C                 -1.26088200    2.56797500   -0.19347700 
 H                 -1.38590700    3.65594100   -0.19453200 
 H                 -1.92925400    2.14971600   -0.95254900 
 H                 -1.56523200    2.18277900    0.78261100 
 C                  0.58289400    2.86199800   -1.84969100 
 H                 -0.08021400    2.51175000   -2.64711900 
 H                  0.48150500    3.94953100   -1.77635100 
 H                  1.61319800    2.63429800   -2.13646400 
 C                  2.49795600    1.08850700    2.13634900 
 H                  3.28994300    0.33589800    2.19253400 
 H                  2.80015700    1.93991500    2.75397500 
 H                  1.57365700    0.67540300    2.55191200 
 C                  3.59971100    2.03484200    0.09304700 
 H                  4.01494100    2.84199400    0.70346400 
 H                  4.32833700    1.21850800    0.07395500 
 H                  3.46951500    2.40947800   -0.92569400 
 N                  1.69476000    0.48309600   -0.13980700 
 P                 -1.38800400   -0.60105200    1.08925000 
 H                 -0.96106800   -1.95291100    1.00273600 
 B                 -1.61621200   -0.16599700    2.99486200 
 H                 -2.40069000   -0.94796900    3.51081300 
 H                 -0.49669700   -0.24961600    3.48268500 
 H                 -2.01699000    0.98849500    3.05020600 
 C                 -3.00668800   -0.78765900    0.26397600 
 C                 -3.19687700   -1.70834000   -0.78024800 
 C                 -4.07954800    0.04804000    0.61216000 
 C                 -4.41649100   -1.79388300   -1.44789300 
 H                 -2.38356900   -2.37117200   -1.06848100 
 C                 -5.29772200   -0.03269800   -0.06121600 
 H                 -3.96087900    0.75685200    1.42782600 
 C                 -5.47316400   -0.95310500   -1.09438400 
 H                 -4.54301600   -2.52125500   -2.24589300 
 H                 -6.11607600    0.62120800    0.22951900 
 H                 -6.42450000   -1.01955000   -1.61490100 




 C                  2.99322000   -0.96112500   -1.60709900 
 C                  2.33036300   -1.77049300    0.58154900 
 C                  3.62661400   -2.17510900   -1.86233200 
 H                  2.99563400   -0.16525200   -2.34617800 
 C                  2.96818600   -2.98081000    0.31756600 
 H                  1.80982000   -1.61499400    1.52036400 
 C                  3.61705000   -3.18369200   -0.89974600 
 H                  4.12806300   -2.33022900   -2.81285200 
 H                  2.95061100   -3.76820900    1.06495700 
 H                  4.11174900   -4.12954500   -1.09961600 
 H                  0.05100400    0.09986000   -1.34439600 
 
TS4 (toluene); EH = −1199.38447630 
 
 C                  0.16860200    2.16500200   -0.55451800 
 C                  0.52333700    0.70947200   -0.67117600 
 C                  2.24114900    1.57263200    0.69798000 
 C                  1.08499400    2.59465700    0.61097300 
 H                  1.46310700    3.61280600    0.48032800 
 H                  0.51000800    2.56611800    1.54158600 
 C                 -1.30344100    2.46412900   -0.29376600 
 H                 -1.46189500    3.54789100   -0.30982200 
 H                 -1.94264600    2.01694100   -1.06141900 
 H                 -1.61895500    2.08153500    0.67956300 
 C                  0.58022200    2.81494600   -1.89391900 
 H                 -0.05350900    2.45635600   -2.71162200 
 H                  0.45502100    3.90021200   -1.82096500 
 H                  1.62252100    2.60929100   -2.15373700 
 C                  2.45494700    1.09353200    2.13114400 
 H                  3.28959900    0.38922200    2.20203600 
 H                  2.69192100    1.95761100    2.75981400 
 H                  1.55019100    0.62135800    2.52584300 
 C                  3.55552200    2.08382900    0.11055600 
 H                  3.93501500    2.89768900    0.73565100 
 H                  4.31156500    1.29254200    0.09482500 
 H                  3.42996300    2.46541200   -0.90634300 
 N                  1.71340900    0.46560500   -0.16312100 
 P                 -1.37464200   -0.68368200    1.01727900 
 H                 -1.00654700   -2.04972600    0.89681300 
 B                 -1.47950400   -0.20350800    2.91852400 
 H                 -2.30034900   -0.91305000    3.47377700 
 H                 -0.34928500   -0.36997500    3.35453100 
 H                 -1.78141700    0.98081800    2.95914000 
 C                 -3.02613900   -0.77345600    0.24587200 
 C                 -3.26981700   -1.58284800   -0.87573300 
 C                 -4.07249800    0.02763900    0.72684000 
 C                 -4.51773000   -1.59402300   -1.49324000 
 H                 -2.47580300   -2.21800900   -1.26339200 
 C                 -5.31898700    0.02253600    0.10271600 
 H                 -3.90938900    0.64337600    1.60756900 
 C                 -5.54826000   -0.78666000   -1.00918400 
 H                 -4.68760600   -2.23672300   -2.35346600 
 H                 -6.11828100    0.64587300    0.49554900 
 H                 -6.52231700   -0.79474600   -1.49047300 
 C                  2.39441200   -0.77448900   -0.36173000 
 C                  3.09943400   -0.98096400   -1.54758500 
 C                  2.33285400   -1.77070300    0.61359000 
 C                  3.75645700   -2.19130600   -1.75576100 
 H                  3.12905800   -0.19394100   -2.29587100 
 C                  2.99488200   -2.97723000    0.39739600 
 H                  1.76076900   -1.60808600    1.52106600 
 C                  3.70733700   -3.18784800   -0.78222200 
 H                  4.30698900   -2.35348600   -2.67760400 
 H                  2.94561100   -3.75630100    1.15210500 
 H                  4.22046900   -4.13105500   -0.94484000 
 H                  0.11288300    0.03532200   -1.41351500 
 
TS4’ (THF); EH = −1199.39414559 
 
 C                  0.37141700    2.05115200   -1.41569000 
 C                  0.86782800    0.64306500   -1.20941200 
 C                  1.09063300    1.62733200    0.93154600 
 C                  0.18611600    2.51143300    0.04415300 
 H                  0.41801300    3.57243700    0.17329000 
 H                 -0.85909900    2.36161300    0.33365900 
 C                 -0.89672100    2.19651400   -2.24694800 
 H                 -1.11946300    3.25950500   -2.38860700 
 H                 -0.78051600    1.73792300   -3.23330700 
 H                 -1.75113800    1.72693800   -1.75506700 
 C                  1.51298600    2.80901100   -2.12830300 
 H                  1.64747300    2.43472400   -3.14826100 
 H                  1.25675300    3.87180400   -2.18768900 
 H                  2.46797700    2.71893800   -1.60399900 
 C                  0.33654300    1.12907900    2.16236600 
 H                  0.97573900    0.52657400    2.81442900 
 H                 -0.00075100    1.99613300    2.73940900 
 H                 -0.54395200    0.54490300    1.87887600 
 C                  2.38352200    2.31911000    1.36417200 
 H                  2.14084000    3.14501700    2.03938400 
 H                  3.03665400    1.62489200    1.90229100 
 H                  2.93660300    2.72457700    0.51326500 
 N                  1.42226100    0.51319300   -0.01138200 
 P                 -1.26378100   -1.04664400   -1.40219800 
 C                  2.29414900   -0.56827900    0.31338000 
 C                  3.55295900   -0.62790700   -0.28895600 
 C                  1.89261800   -1.56672600    1.20283200 
 C                  4.41121900   -1.68521400    0.00204300 
 H                  3.85585500    0.15671000   -0.97643000 
 C                  2.75986600   -2.61758000    1.49477700 
 H                  0.90463000   -1.53213400    1.64775800 
 C                  4.01778800   -2.67911400    0.89730600 
 H                  5.38926600   -1.72795300   -0.46781700 
 H                  2.44436800   -3.39568500    2.18343200 
 H                  4.68850700   -3.50208900    1.12558600 
 H                 -0.60490600   -2.23717000   -1.00158800 




 H                 -2.82835400   -0.38906400   -3.36463600 
 H                 -1.25461700   -1.50451800   -3.93793900 
 B                 -2.15661000   -1.37873200   -3.12221200 
 C                 -2.46617600   -0.93163400   -0.03642700 
 C                 -2.30745600   -1.65007400    1.15983700 
 C                 -3.57056000   -0.07066900   -0.14916400 
 C                 -3.21451700   -1.50704100    2.20844700 
 H                 -1.47518900   -2.34185000    1.26686200 
 C                 -4.47564700    0.07342000    0.89984300 
 H                 -3.73260700    0.47765700   -1.07393600 
 C                 -4.30074600   -0.64090700    2.08578900 
 H                 -3.07490800   -2.08026600    3.12139700 
 H                 -5.32576000    0.74125900    0.78728500 
 H                 -5.00903500   -0.53060500    2.90204500 
 H                  1.23320100    0.02192600   -2.01995000 
 
TS4’ (toluene); EH = −1199.38594867 
 
 C                  0.35589600    2.02885400   -1.41157400 
 C                  0.85227000    0.62021700   -1.20192400 
 C                  1.09495800    1.61850000    0.93308500 
 C                  0.17993800    2.49473700    0.04801500 
 H                  0.40734200    3.55781000    0.17123600 
 H                 -0.86247200    2.34058000    0.34519500 
 C                 -0.91920900    2.16662100   -2.23331700 
 H                 -1.13621200    3.22744400   -2.39983400 
 H                 -0.82246800    1.67876900   -3.20745100 
 H                 -1.77194200    1.71637100   -1.72099400 
 C                  1.49079100    2.78678600   -2.13362700 
 H                  1.61374900    2.41471700   -3.15601200 
 H                  1.23890400    3.85102400   -2.18999900 
 H                  2.45106200    2.69229600   -1.61887100 
 C                  0.34959800    1.12191200    2.17058200 
 H                  0.99517400    0.52264100    2.81972700 
 H                  0.01227900    1.98819100    2.74912500 
 H                 -0.53102500    0.53448800    1.89431500 
 C                  2.38449600    2.32243500    1.35770200 
 H                  2.14168100    3.14674800    2.03519100 
 H                  3.04841500    1.63387100    1.89009700 
 H                  2.92750100    2.73242500    0.50220400 
 N                  1.42877500    0.50582800   -0.00613700 
 P                 -1.27992100   -1.06830500   -1.39862700 
 C                  2.30292400   -0.57171700    0.31789900 
 C                  3.56296000   -0.62796700   -0.28241000 
 C                  1.90416900   -1.57517600    1.20316200 
 C                  4.42428300   -1.68299400    0.00639300 
 H                  3.86260100    0.15908200   -0.96879700 
 C                  2.77421700   -2.62376000    1.49416000 
 H                  0.91386800   -1.54459300    1.64351800 
 C                  4.03299700   -2.67997900    0.89876100 
 H                  5.40268000   -1.72247600   -0.46315100 
 H                  2.46003300   -3.40564900    2.17922700 
 H                  4.70555800   -3.50195700    1.12519600 
 H                 -0.62897600   -2.26387800   -1.00219600 
 H                 -2.80276400   -2.32238100   -3.11151900 
 H                 -2.78160400   -0.30601900   -3.35957000 
 H                 -1.19167200   -1.39822900   -3.93651700 
 B                 -2.12446800   -1.31170000   -3.15276400 
 C                 -2.47652200   -0.93523800   -0.03322900 
 C                 -2.30526600   -1.62397100    1.17847800 
 C                 -3.59193700   -0.09181700   -0.16366200 
 C                 -3.20943300   -1.46669800    2.22678300 
 H                 -1.46723000   -2.30752000    1.29475400 
 C                 -4.49335000    0.06729400    0.88581300 
 H                 -3.76668600    0.42286400   -1.10520700 
 C                 -4.30489300   -0.61503800    2.08798500 
 H                 -3.06246800   -2.01894700    3.15150300 
 H                 -5.35404900    0.71890400    0.75957400 
 H                 -5.01208600   -0.49442600    2.90374400 
 H                  1.22505300    0.00537000   -2.01441200 
 
C-3pair (THF); EH = −1199.38960487 
 
 C                 -3.06548000   -1.59079100    0.17899400 
 C                 -1.82375300   -0.91275600    0.64620900 
 C                 -3.29523900    0.88862600    0.33296600 
 C                 -4.08758500   -0.42810400    0.18456800 
 H                 -4.69237300   -0.41808500   -0.72537700 
 H                 -4.76946300   -0.53963800    1.03305200 
 C                 -3.43551500   -2.71077700    1.16201200 
 H                 -4.37905300   -3.16544300    0.84463300 
 H                 -2.66509600   -3.48714700    1.17511600 
 H                 -3.56617500   -2.32857700    2.17912000 
 C                 -2.83746000   -2.18932600   -1.21980100 
 H                 -2.03736900   -2.93396500   -1.19824000 
 H                 -3.76226800   -2.67749600   -1.54344600 
 H                 -2.57294800   -1.42303500   -1.95300800 
 C                 -3.86081500    1.79741400    1.41587500 
 H                 -3.26572100    2.70766100    1.53157600 
 H                 -4.87454700    2.09087700    1.12821400 
 H                 -3.91642800    1.28357100    2.38007200 
 C                 -3.13717600    1.64492400   -0.98353500 
 H                 -4.12475300    1.97781500   -1.31511400 
 H                 -2.50847000    2.53139500   -0.86197500 
 H                 -2.70842100    1.01152100   -1.76515000 
 N                 -1.94417000    0.36372800    0.76175800 
 C                 -0.88346000    1.22010000    1.22342200 
 C                 -0.03204600    1.82019800    0.29898400 
 C                 -0.73355500    1.42448400    2.59314400 
 C                  0.98707400    2.64835900    0.76373500 
 H                 -0.14731300    1.62112100   -0.76087200 
 C                  0.29000500    2.25418300    3.04387800 
 H                 -1.40445600    0.93612600    3.29310800 
 C                  1.14619700    2.86832500    2.13091200 
 H                  1.66362400    3.11194900    0.05259600 




 H                  1.94509700    3.51222300    2.48615800 
 H                  1.98244900   -3.58635600    0.61142900 
 H                  0.89974100   -2.12724600    1.48784100 
 H                 -0.03649900   -3.55167400    0.43838200 
 B                  0.98946600   -2.88124000    0.51890300 
 C                  2.67765100   -0.99150800   -1.22250700 
 C                  3.26770200   -0.70402900   -2.46533100 
 C                  3.37190800   -0.60597100   -0.06491700 
 C                  4.50326000   -0.06564300   -2.54782100 
 H                  2.75325400   -0.98786700   -3.38141100 
 C                  4.60402600    0.04316800   -0.14574700 
 H                  2.94520400   -0.83089300    0.90922800 
 C                  5.17859300    0.31621700   -1.38676800 
 H                  4.94110700    0.13446100   -3.52290200 
 H                  5.12180000    0.32702200    0.76747800 
 H                  6.14183500    0.81511500   -1.45021100 
 P                  1.00996500   -1.74995200   -1.10245700 
 H                  1.15869600   -2.67977200   -2.16951300 
 H                 -0.89031100   -1.41531700    0.90768500 
 
C-3pair (toluene); EH = −1199.37491371 
 
 C                 -3.23224900   -1.54318100   -0.12793100 
 C                 -1.94754400   -0.81890900   -0.35864800 
 C                 -3.15180800    0.68319900    0.98936900 
 C                 -3.89422300   -0.66924100    0.96185100 
 H                 -4.96237800   -0.53044900    0.77492500 
 H                 -3.78875500   -1.16278500    1.93273200 
 C                 -3.05153900   -2.99534900    0.31560300 
 H                 -4.03905300   -3.42400500    0.51679200 
 H                 -2.56112500   -3.58922900   -0.45855800 
 H                 -2.44049200   -3.06434300    1.21800400 
 C                 -3.99912400   -1.50800700   -1.46725600 
 H                 -3.45223900   -2.04603800   -2.24717300 
 H                 -4.96649500   -2.00079100   -1.32835800 
 H                 -4.18199900   -0.48697000   -1.81471700 
 C                 -2.70916300    1.07976800    2.39275000 
 H                 -2.14268400    2.01533300    2.38694400 
 H                 -3.59844700    1.22465600    3.01325900 
 H                 -2.09641400    0.29770800    2.85040600 
 C                 -3.93958700    1.81514800    0.33495200 
 H                 -4.84204000    1.99618400    0.92591800 
 H                 -3.36370500    2.74425200    0.31263600 
 H                 -4.24747700    1.56336100   -0.68413600 
 N                 -1.93220000    0.36112900    0.15982100 
 C                 -0.84779900    1.29433100   -0.01247400 
 C                 -0.95134800    2.29060000   -0.98092900 
 C                  0.28560200    1.16794700    0.78385900 
 C                  0.10221500    3.18648900   -1.14055300 
 H                 -1.82976900    2.35060100   -1.61514300 
 C                  1.33519400    2.06607300    0.60878700 
 H                  0.35920900    0.35450200    1.49851800 
 C                  1.24142100    3.07697900   -0.34471700 
 H                  0.03669800    3.95990400   -1.89968900 
 H                  2.23775700    1.95065200    1.20047700 
 H                  2.06689600    3.76885500   -0.48213800 
 H                  1.37396600   -3.48273600    0.88262700 
 H                 -0.06131200   -2.06884600    0.93199300 
 H                 -0.18315400   -3.55695000   -0.40432700 
 B                  0.59198900   -2.83242500    0.20679000 
 C                  2.96986400   -0.98366000   -0.46470300 
 C                  3.88066900   -0.28851600   -1.27662400 
 C                  3.21615300   -1.01434400    0.91494200 
 C                  4.99914800    0.34026600   -0.73479500 
 H                  3.70481200   -0.23668700   -2.34936200 
 C                  4.32709200   -0.37156400    1.46430500 
 H                  2.53626000   -1.56810300    1.55728800 
 C                  5.22525800    0.30800900    0.64303800 
 H                  5.69433500    0.86252600   -1.38804900 
 H                  4.49848000   -0.41616600    2.53763500 
 H                  6.09521300    0.80167400    1.06835700 
 P                  1.45476200   -1.74350200   -1.19286300 
 H                  2.11039900   -2.71972400   -1.99434900 
 H                 -1.10644700   -1.15538200   -0.97028200 
 
TS5 (THF); EH = −1199.38381031 
 
 C                 -2.98581100   -1.45739900   -0.12614600 
 C                 -1.86528700   -0.66074300   -0.73666300 
 C                 -2.39260000    0.55930600    1.20997300 
 C                 -3.05774300   -0.83247900    1.28254700 
 H                 -4.08705200   -0.76253900    1.64458800 
 H                 -2.50142400   -1.46484400    1.98158000 
 C                 -2.78967200   -2.96888700   -0.09356900 
 H                 -3.66833900   -3.43070800    0.36841800 
 H                 -2.68049700   -3.37390700   -1.10336200 
 H                 -1.90028300   -3.24308700    0.47695600 
 C                 -4.23483600   -1.13679900   -0.97702400 
 H                 -4.12598300   -1.53172100   -1.99189300 
 H                 -5.10489400   -1.61614800   -0.51758300 
 H                 -4.43382300   -0.06414200   -1.04644100 
 C                 -1.39078100    0.76647400    2.34141400 
 H                 -0.91520200    1.74987600    2.28765900 
 H                 -1.92366000    0.70342300    3.29511700 
 H                 -0.61713500   -0.00684200    2.33327900 
 C                 -3.39162600    1.71383300    1.17423900 
 H                 -3.91589200    1.75852000    2.13311600 
 H                 -2.88260400    2.67051800    1.02359600 
 H                 -4.13659400    1.58745100    0.38453200 
 N                 -1.68686900    0.47513700   -0.11478700 
 C                 -0.91982400    1.55718000   -0.65976400 
 C                 -1.49307900    2.35306200   -1.65165000 
 C                  0.37598500    1.79883400   -0.20721600 
 C                 -0.76027600    3.40659800   -2.19241700 
 H                 -2.50320500    2.14652900   -1.99289800 




 H                  0.82594000    1.15451300    0.54030400 
 C                  0.53391300    3.66131800   -1.74059500 
 H                 -1.20238300    4.02656500   -2.96638700 
 H                  2.11378500    3.04036600   -0.41206900 
 H                  1.10469300    4.48223400   -2.16432800 
 H                  0.75357400   -3.25328900    0.11091100 
 H                 -0.40617800   -1.68578400   -0.31330500 
 H                 -0.08815000   -3.05043200   -1.73193000 
 B                  0.44370800   -2.48893000   -0.78865400 
 C                  3.01902400   -0.97712100   -0.11136400 
 C                  4.33582600   -0.54494900   -0.34396900 
 C                  2.55984700   -0.98366600    1.21373100 
 C                  5.16367600   -0.15214900    0.70496200 
 H                  4.71712100   -0.51633200   -1.36296200 
 C                  3.38055500   -0.57250100    2.26604200 
 H                  1.55388200   -1.33911300    1.42321500 
 C                  4.68760300   -0.15739000    2.01815000 
 H                  6.18230800    0.16629900    0.49702000 
 H                  2.99890300   -0.58961700    3.28428700 
 H                  5.33020100    0.15589700    2.83646700 
 P                  1.91243200   -1.40615400   -1.52268400 
 H                  2.73992200   -2.42174000   -2.08318300 
 H                 -1.51568600   -0.77087900   -1.75778400 
 
TS5 (toluene); EH = −1199.37440703 
 
 C                 -3.10682300   -1.47115900   -0.17364000 
 C                 -1.87165600   -0.72492700   -0.58083600 
 C                 -2.77319000    0.63457900    1.11492900 
 C                 -3.49651400   -0.72886600    1.12309000 
 H                 -4.57947800   -0.60434300    1.20887800 
 H                 -3.15969800   -1.31450200    1.98397500 
 C                 -2.93871100   -2.97255400    0.03948400 
 H                 -3.89977500   -3.39052000    0.35784700 
 H                 -2.63041700   -3.47250000   -0.88156800 
 H                 -2.18357800   -3.18472700    0.79830500 
 C                 -4.12290100   -1.23621800   -1.31441700 
 H                 -3.77969200   -1.69863600   -2.24497800 
 H                 -5.07506100   -1.69937100   -1.03713000 
 H                 -4.30219500   -0.17399800   -1.50418400 
 C                 -2.02704200    0.89543900    2.41908400 
 H                 -1.48981200    1.84780200    2.39409600 
 H                 -2.75299200    0.93799500    3.23670400 
 H                 -1.31700200    0.09172100    2.63481300 
 C                 -3.68924600    1.80919000    0.78073100 
 H                 -4.41733600    1.93052900    1.58797900 
 H                 -3.12365800    2.74152600    0.69521600 
 H                 -4.23903900    1.64631700   -0.15035000 
 N                 -1.78669900    0.43402500   -0.00308700 
 C                 -0.82667000    1.43760400   -0.37169100 
 C                 -1.15456400    2.35533500   -1.36767600 
 C                  0.41092300    1.46962700    0.26294400 
 C                 -0.22409500    3.32719300   -1.72604400 
 H                 -2.12114300    2.29974600   -1.85963500 
 C                  1.33631800    2.44182000   -0.10723900 
 H                  0.66238100    0.72375900    1.00893200 
 C                  1.01829800    3.37186000   -1.09470300 
 H                 -0.46805000    4.04257000   -2.50551800 
 H                  2.31388100    2.45117700    0.36486000 
 H                  1.74551000    4.12470400   -1.38389200 
 H                  1.00316200   -3.28479600    0.59609900 
 H                 -0.33171800   -1.82176500    0.31062800 
 H                 -0.18321400   -3.27943700   -1.04922200 
 B                  0.46138500   -2.60514600   -0.26020300 
 C                  3.03551700   -0.91058700   -0.30822200 
 C                  4.16465100   -0.30174400   -0.88075200 
 C                  2.95745700   -0.95266300    1.09094500 
 C                  5.18002400    0.22972600   -0.08950200 
 H                  4.24441300   -0.24160800   -1.96446600 
 C                  3.96346400   -0.40328700    1.88820000 
 H                  2.10790200   -1.44679200    1.55614200 
 C                  5.08115000    0.18891300    1.30299500 
 H                  6.04880000    0.68418300   -0.55996500 
 H                  3.87951900   -0.45368400    2.97154400 
 H                  5.86936900    0.60891800    1.92225400 
 P                  1.66746600   -1.52770400   -1.38209200 
 H                  2.41391900   -2.54108900   -2.04708500 
 H                 -1.23855100   -0.95326100   -1.43401600 
 
G (THF); EH = −600.21989081 
 
 C                  2.38354500   -0.70239900    0.06430300 
 C                  2.27801300    0.72523200   -0.48911000 
 H                  3.02925500    1.39881200   -0.06337100 
 H                  2.44515700    0.69583900   -1.57280500 
 C                  0.84085500    1.23072500   -0.21250600 
 C                  2.72424200   -0.73061200    1.55813500 
 H                  2.83244400   -1.76513000    1.90382700 
 H                  1.94311000   -0.26045300    2.16206900 
 H                  3.66865100   -0.21007800    1.75287600 
 C                  3.40502600   -1.53752400   -0.70373200 
 H                  4.41623100   -1.14041400   -0.55994700 
 H                  3.19158100   -1.53890300   -1.77846200 
 H                  3.40472600   -2.57693600   -0.35545400 
 C                  0.84411800    2.19621800    0.98229600 
 H                  1.46538100    3.06560700    0.74114200 
 H                  1.25922800    1.72058400    1.87398700 
 H                 -0.15150400    2.56726300    1.23413200 
 C                  0.30834100    1.94049300   -1.46395800 
 H                 -0.68578400    2.37060800   -1.31981100 
 H                  0.25997100    1.24324600   -2.30692300 
 H                  0.98799000    2.75563700   -1.73488000 
 C                 -1.26266300   -0.18704700    0.05400800 
 C                 -3.53374600    0.68270300    0.30398300 
 H                 -4.18066000    1.53489700    0.49772100 




 H                 -5.16405200   -0.72437500    0.08933400 
 C                 -3.22127200   -1.64048800   -0.16287700 
 H                 -3.61743200   -2.63582700   -0.34910300 
 N                  0.11212900   -0.03518300    0.07474200 
 C                 -2.15785100    0.87992000    0.29664000 
 H                 -1.78289300    1.87458800    0.49523900 
 C                 -1.84115700   -1.45651300   -0.18181000 
 H                 -1.21082700   -2.31283000   -0.39036100 
 C                  0.95481800   -1.19582800   -0.16504600 
 H                  0.83992200   -1.57769300   -1.19564000 
 H                  0.69373200   -2.01145800    0.51997300 
 
G (toluene); EH = −600.21792944 
 
 C                  2.38387800   -0.70258100    0.06552500 
 C                  2.27784000    0.72404700   -0.49059100 
 H                  3.02991500    1.39836100   -0.06706200 
 H                  2.44416700    0.69289200   -1.57448700 
 C                  0.84062300    1.22940500   -0.21304800 
 C                  2.72410700   -0.72751200    1.55946800 
 H                  2.83578600   -1.76095000    1.90727500 
 H                  1.94021100   -0.25983400    2.16153100 
 H                  3.66683000   -0.20404300    1.75488800 
 C                  3.40511800   -1.53923100   -0.70103300 
 H                  4.41683000   -1.14290600   -0.55849100 
 H                  3.19209000   -1.54310400   -1.77587200 
 H                  3.40510800   -2.57817200   -0.35130000 
 C                  0.84708100    2.19916500    0.97854100 
 H                  1.46905700    3.06742800    0.73453700 
 H                  1.26135900    1.72548500    1.87158500 
 H                 -0.14779600    2.57172400    1.23051900 
 C                  0.30415500    1.93518300   -1.46510800 
 H                 -0.69241000    2.35914300   -1.32022900 
 H                  0.25596000    1.23625900   -2.30663000 
 H                  0.97907800    2.75333600   -1.73927100 
 C                 -1.26295700   -0.18687600    0.05711800 
 C                 -3.53227600    0.68176000    0.31181700 
 H                 -4.17929700    1.53216400    0.51254000 
 C                 -4.08659400   -0.57574000    0.07450500 
 H                 -5.16225900   -0.72216400    0.08333700 
 C                 -3.22048000   -1.63684000   -0.17391400 
 H                 -3.61717500   -2.63024100   -0.36862500 
 N                  0.11373600   -0.03491200    0.08021300 
 C                 -2.15661700    0.87790200    0.30814900 
 H                 -1.78040300    1.86988400    0.51752900 
 C                 -1.84062800   -1.45323200   -0.18962400 
 H                 -1.21019900   -2.30785800   -0.40453300 
 C                  0.95448300   -1.19494100   -0.16220900 
 H                  0.83887500   -1.57709000   -1.19314700 
 H                  0.69305900   -2.01073900    0.52274600 
 
H (THF); EH = −599.18608125 
 
 B                 -3.01669900    0.68511100    0.65148500 
 H                 -4.13489600    0.31547000    0.85675300 
 H                 -2.66212000    1.79014200    0.93738500 
 P                 -1.93934400   -0.37924800   -0.39003100 
 H                 -2.16345300   -1.73771600   -0.09828200 
 C                 -0.15302400   -0.14761100   -0.14545700 
 C                  0.40552100    1.13375600   -0.24440600 
 C                  0.68853400   -1.24256700    0.08742000 
 C                  1.77739100    1.31624400   -0.08960300 
 H                 -0.23127000    1.99270100   -0.44030900 
 C                  2.06230600   -1.05535800    0.23226500 
 H                  0.27377300   -2.24436000    0.16350000 
 C                  2.61119300    0.22315400    0.14770400 
 H                  2.19621700    2.31613200   -0.16134400 
 H                  2.70282900   -1.91345200    0.41614800 
 H                  3.68152700    0.36722100    0.26266100 
 
H (toluene); EH = −599.18466517 
 
B                 -3.01476400    0.68120900    0.65602500 
 H                 -4.13158400    0.30917000    0.86402200 
 H                 -2.66077100    1.78521200    0.94641900 
 P                 -1.93943900   -0.37422500   -0.39731100 
 H                 -2.16203900   -1.73413100   -0.10862500 
 C                 -0.15348000   -0.14575200   -0.14867400 
 C                  0.40677000    1.13431500   -0.24930800 
 C                  0.68664200   -1.24033300    0.08858600 
 C                  1.77804500    1.31580600   -0.09200100 
 H                 -0.22922600    1.99302200   -0.44870900 
 C                  2.05994900   -1.05450800    0.23564100 
 H                  0.27047600   -2.24147200    0.16657000 
 C                  2.61016100    0.22285300    0.14937000 
 H                  2.19803300    2.31512100   -0.16511200 
 H                  2.69931400   -1.91277100    0.42284100 
 H                  3.68039800    0.36610400    0.26615800 
 
TS2 (THF); EH = −1199.32957625 
 
 P                 -2.91289300   -0.76091200   -1.65460400 
 H                 -3.54138400   -1.79524400   -2.39142000 
 C                 -4.29765800   -0.29213600   -0.55703600 
 C                 -5.36984200   -1.15976000   -0.31434200 
 C                 -4.23889500    0.92522700    0.13586800 
 C                 -6.36907300   -0.81135000    0.59352000 
 H                 -5.43138100   -2.10988100   -0.83871800 
 C                 -5.24333900    1.27456700    1.03546000 
 H                 -3.40548400    1.60451300   -0.02589800 
 C                 -6.31106000    0.40732100    1.26760800 
 H                 -7.19668300   -1.49313300    0.76891900 
 H                 -5.18896200    2.22495500    1.55913700 
 H                 -7.09211400    0.67947800    1.97176500 
 B                 -0.79560400   -0.94801500   -0.66487500 




 H                 -0.23843400   -1.12021400   -1.72392600 
 H                 -3.01944900    0.24591400   -2.64658500 
 H                 -1.10593500   -1.89868800    0.00828500 
 C                  1.55090700   -1.06537800    0.17873500 
 C                  2.36518400   -2.34139400    0.28763000 
 C                  3.82905100   -1.93901100   -0.01987000 
 H                  4.54399000   -2.40450600    0.66613600 
 H                  4.09626600   -2.25650800   -1.03398000 
 C                  3.88684700   -0.40700900    0.07060900 
 C                  2.19536000   -2.86066500    1.72481300 
 H                  1.14246900   -3.07086800    1.93708000 
 H                  2.55043500   -2.13732200    2.46605100 
 H                  2.76701700   -3.78708900    1.85404300 
 C                  1.84823500   -3.39943800   -0.68938600 
 H                  2.44514800   -4.31532200   -0.60270500 
 H                  1.91180700   -3.04744800   -1.72439600 
 H                  0.80251200   -3.64094600   -0.47957500 
 C                  4.50397600    0.09630700    1.37553600 
 H                  5.56596300   -0.16782700    1.40292800 
 H                  4.01788300   -0.35134000    2.24725900 
 H                  4.42671300    1.18524300    1.45686300 
 C                  4.60570400    0.21814800   -1.12046900 
 H                  4.61035100    1.31116000   -1.06685800 
 H                  4.14541900   -0.08732200   -2.06530300 
 H                  5.64695300   -0.12054900   -1.12612800 
 C                  1.97479100    1.28679200    0.02503500 
 C                  1.20612800    3.25397800    1.19091600 
 H                  0.93865800    3.74933500    2.11992800 
 C                  1.11322000    3.93819500   -0.02069800 
 H                  0.77542800    4.97038900   -0.03929000 
 C                  1.44721000    3.29008800   -1.20927200 
 H                  1.36528600    3.81322000   -2.15776400 
 N                  2.40688700   -0.08205300    0.05743900 
 C                  1.63723500    1.92925500    1.21543400 
 H                  1.69970900    1.38220600    2.15135500 
 C                  1.87946600    1.96521700   -1.18920800 
 H                  2.12273600    1.45109800   -2.11353000 
 
TS2 (toluene); EH = −1199.32446882 
 
 P                 -2.90425000   -0.80812600   -1.60385900 
 H                 -3.52823500   -1.85335800   -2.33129800 
 C                 -4.29979400   -0.33974700   -0.51518200 
 C                 -5.55395300   -0.95803300   -0.59003400 
 C                 -4.08065400    0.63504800    0.46733400 
 C                 -6.57289600   -0.59827600    0.29012000 
 H                 -5.73936800   -1.72168000   -1.34096000 
 C                 -5.10449200    1.00154500    1.33816200 
 H                 -3.10307100    1.10174500    0.55674500 
 C                 -6.35230500    0.38570800    1.25249200 
 H                 -7.54114100   -1.08648100    0.22084000 
 H                 -4.92262600    1.76272300    2.09179600 
 H                 -7.14791200    0.66735600    1.93652900 
 B                 -0.79005900   -0.95844700   -0.62997900 
 H                 -0.87731300    0.17600800   -0.22939600 
 H                 -0.24422700   -1.17337500   -1.68769000 
 H                 -3.02124700    0.17957200   -2.61636800 
 H                 -1.09230000   -1.87815300    0.08718900 
 C                  1.56283000   -1.05017800    0.19515700 
 C                  2.38119200   -2.32081800    0.32472700 
 C                  3.84368600   -1.92183400    0.00323200 
 H                  4.56198500   -2.36858300    0.69854600 
 H                  4.10965500   -2.26369700   -1.00340500 
 C                  3.89673100   -0.38756300    0.05669000 
 C                  2.21653300   -2.81085500    1.77247000 
 H                  1.16278100   -3.00629300    1.99285000 
 H                  2.58049300   -2.07518300    2.49733400 
 H                  2.78179500   -3.73901800    1.91781100 
 C                  1.85917100   -3.39754000   -0.62885100 
 H                  2.45504200   -4.31280300   -0.52744300 
 H                  1.91626700   -3.06546000   -1.67073500 
 H                  0.81381100   -3.63125400   -0.40982400 
 C                  4.52361600    0.14853800    1.34394500 
 H                  5.58786700   -0.10739900    1.36872600 
 H                  4.04802800   -0.28328500    2.22944300 
 H                  4.43884200    1.23844300    1.40225300 
 C                  4.60383900    0.21191400   -1.15475300 
 H                  4.60186800    1.30596800   -1.12834800 
 H                  4.13708300   -0.11892900   -2.08789600 
 H                  5.64717300   -0.12077900   -1.16203700 
 C                  1.97799200    1.29808100   -0.00910700 
 C                  1.20630200    3.28358800    1.12225900 
 H                  0.93983500    3.79524300    2.04276000 
 C                  1.10506700    3.94415500   -0.10135300 
 H                  0.76249900    4.97431200   -0.13807700 
 C                  1.43391100    3.27424900   -1.27869600 
 H                  1.34182900    3.77774900   -2.23685500 
 N                  2.41627700   -0.06775900    0.04791600 
 C                  1.64230500    1.96156900    1.16987300 
 H                  1.70654600    1.43001300    2.11443900 
 C                  1.87126900    1.95204600   -1.23531300 
 H                  2.10587000    1.41831400   -2.15059500 
 
I (THF); EH = −573.78289764 
 
 P                  2.32671600   -0.06427900   -0.09942100 
 H                  2.56089700    1.31153600   -0.35758700 
 C                  0.48715200    0.01188400   -0.03488200 
 C                 -0.22797100    1.21660700   -0.04194800 
 C                 -0.22604500   -1.19393600   -0.01278000 
 C                 -1.62184700    1.21431800   -0.01797100 
 H                  0.30482200    2.16362700   -0.06400900 
 C                 -1.61975800   -1.19631200    0.02681200 
 H                  0.31041400   -2.13989700   -0.02978700 
 C                 -2.32116500    0.00838200    0.02206700 




 H                 -2.15667500   -2.14056100    0.05054400 
 H                 -3.40727400    0.00794100    0.04371800 
 H                  2.58760400    0.05317200    1.29475000 
 
I (toluene); EH = −573.78144763 
 
P                  2.32797800   -0.09764700   -0.04140400 
 H                  2.57458200    1.22383400   -0.50089200 
 C                  0.48713300   -0.00323600   -0.01183700 
 C                 -0.22128500    1.20551900   -0.00308300 
 C                 -0.23271000   -1.20418900   -0.01933300 
 C                 -1.61436300    1.21117100    0.00626000 
 H                  0.31784700    2.14929000   -0.00244400 
 C                 -1.62711700   -1.19958800    0.00293500 
 H                  0.30067700   -2.15143100   -0.04766100 
 C                 -2.32067200    0.00840900    0.01413400 
 H                 -2.14918500    2.15705000    0.01009300 
 H                 -2.16976300   -2.14083400    0.00159200 
 H                 -3.40697500    0.01424000    0.02324400 
 H                  2.56921900    0.23729800    1.32152100 
 
J (THF); EH = −625.62147152 
 
 C                  0.98789900   -0.95459200   -0.15953200 
 C                  2.40309300   -0.41719500   -0.10215700 
 C                  2.22921100    1.11556000   -0.16455800 
 H                  2.87113100    1.63133000    0.55519100 
 H                  2.49952400    1.47792400   -1.16184300 
 C                  0.74530500    1.41216300    0.10273500 
 C                  3.04270900   -0.88760000    1.21468200 
 H                  3.07724600   -1.97973100    1.25597300 
 H                  2.48971000   -0.52967400    2.08861800 
 H                  4.06621800   -0.50265000    1.27711300 
 C                  3.23892500   -0.92731200   -1.28081600 
 H                  4.22703900   -0.45489700   -1.25225900 
 H                  2.77073900   -0.67690700   -2.23855600 
 H                  3.36747200   -2.01095300   -1.23343100 
 C                  0.48412100    1.89727400    1.52879900 
 H                  0.96535000    2.86998300    1.66828500 
 H                  0.89274700    1.20482800    2.27048800 
 H                 -0.58617400    2.02139800    1.71858400 
 C                  0.16311300    2.39955200   -0.90259900 
 H                 -0.90063000    2.58266200   -0.72482800 
 H                  0.29491000    2.04444500   -1.92915600 
 H                  0.68982600    3.35360300   -0.80329700 
 C                 -1.27924500   -0.13038000   -0.04264600 
 C                 -3.29022600   -0.57486400    1.20318900 
 H                 -3.78014500   -0.80354500    2.14500300 
 C                 -4.04047000   -0.44575400    0.03532600 
 H                 -5.11886700   -0.57093800    0.06539700 
 C                 -3.40410800   -0.16364300   -1.17293000 
 H                 -3.98310900   -0.07137100   -2.08701400 
 N                  0.14478700    0.04584300   -0.07908600 
 C                 -1.90633100   -0.41762800    1.16774300 
 H                 -1.31240400   -0.53271500    2.06877700 
 C                 -2.02105800   -0.00428500   -1.21543900 
 H                 -1.51588100    0.20154600   -2.15375000 
 H                 -0.41719600   -2.66507200   -0.87277000 
 H                  1.52362300   -3.17485100   -0.56705200 
 H                  0.31510000   -2.76418200    0.96934300 
 B                  0.58481700   -2.49028800   -0.19967700 
 
J (toluene); EH = −625.61588641 
 
 C                  0.98606600   -0.95713100   -0.15812600 
 C                  2.40166500   -0.41828000   -0.10160600 
 C                  2.22829500    1.11478300   -0.16673300 
 H                  2.86878000    1.63216900    0.55363500 
 H                  2.50130200    1.47614100   -1.16397500 
 C                  0.74356800    1.41118100    0.09665100 
 C                  3.04568400   -0.88677400    1.21325600 
 H                  3.07648300   -1.97864700    1.25532500 
 H                  2.49445400   -0.52886900    2.08849400 
 H                  4.06995500   -0.50271200    1.27325800 
 C                  3.23389100   -0.93151200   -1.28160500 
 H                  4.22430200   -0.46314100   -1.25679600 
 H                  2.76369600   -0.68221500   -2.23874600 
 H                  3.35543400   -2.01569100   -1.23377500 
 C                  0.47969200    1.89207400    1.52413200 
 H                  0.95654600    2.86630100    1.66965000 
 H                  0.88996300    1.19766800    2.26321900 
 H                 -0.59148600    2.00993500    1.71336300 
 C                  0.16678700    2.40576000   -0.90515500 
 H                 -0.89779700    2.58811400   -0.73160600 
 H                  0.30198800    2.05590200   -1.93322500 
 H                  0.69338500    3.35946400   -0.79994000 
 C                 -1.28092000   -0.12758600   -0.05429700 
 C                 -3.28846700   -0.59567000    1.18826600 
 H                 -3.77520800   -0.84682300    2.12600400 
 C                 -4.04236700   -0.44181500    0.02618600 
 H                 -5.12062300   -0.56820200    0.05688200 
 C                 -3.40955800   -0.13771300   -1.17802200 
 H                 -3.99101900   -0.03068100   -2.08896400 
 N                  0.14306500    0.04784000   -0.09091200 
 C                 -1.90507700   -0.43950100    1.15126300 
 H                 -1.30675900   -0.58091100    2.04553500 
 C                 -2.02671000    0.02050300   -1.22158100 
 H                 -1.52347000    0.23797200   -2.15824600 
 H                 -0.46141300   -2.67894800   -0.75568900 
 H                  1.50677800   -3.17173700   -0.58736700 
 H                  0.41900500   -2.73492100    1.02431700 
 B                  0.58886300   -2.48924000   -0.17122300 
 
TS3 (THF); EH = −1199.32545457 
 




 H                 -0.96476800    0.84545500    0.38645400 
 C                 -3.19645300   -0.08669000   -0.00400800 
 C                 -4.13017900   -1.07923000    0.31022800 
 C                 -3.66598200    1.17492000   -0.38428800 
 C                 -5.50011800   -0.82250600    0.24652600 
 H                 -3.78681600   -2.06838300    0.61466200 
 C                 -5.03379400    1.44127700   -0.45124400 
 H                 -2.95559100    1.96526700   -0.62824100 
 C                 -5.95361600    0.44047200   -0.13581600 
 H                 -6.21343400   -1.60352100    0.49760800 
 H                 -5.38312600    2.42794800   -0.74498300 
 H                 -7.01972100    0.64493100   -0.18482700 
 B                 -0.68074300   -1.03796000   -1.67442000 
 H                 -0.43621200   -0.13215100   -2.42368100 
 H                 -1.08940800   -2.08082700   -2.11149300 
 H                 -1.44168900   -1.44111700    1.01137000 
 C                  0.71225300   -0.97827500   -0.12658900 
 C                  1.29105700   -2.26560300    0.48981600 
 C                  2.71557500   -2.27067700   -0.10909000 
 H                  3.44731100   -2.72637100    0.56752300 
 H                  2.71154200   -2.86655200   -1.02988600 
 C                  3.09480500   -0.80294300   -0.44382200 
 C                  1.33458200   -2.08927800    2.01336500 
 H                  0.32479100   -2.05447000    2.43701000 
 H                  1.85186600   -1.16742000    2.29499600 
 H                  1.86537400   -2.92917900    2.47622900 
 C                  0.53948600   -3.54829300    0.14575300 
 H                  1.06575700   -4.41199400    0.56705900 
 H                  0.46738500   -3.69563100   -0.93672000 
 H                 -0.47575600   -3.54961100    0.55681100 
 C                  4.16249900   -0.25468900    0.50307200 
 H                  5.09782400   -0.80655400    0.36445400 
 H                  3.85717000   -0.35424000    1.54903900 
 H                  4.36448300    0.80274500    0.30412200 
 C                  3.59217000   -0.71014400   -1.89196000 
 H                  3.95575500    0.29330600   -2.13299800 
 H                  2.79349000   -0.97179000   -2.59450400 
 H                  4.42263900   -1.40815500   -2.04881900 
 C                  1.69790500    1.28550400   -0.00738500 
 C                  1.07268900    3.12898600    1.45197000 
 H                  0.66070300    3.47347100    2.39680900 
 C                  1.51686500    4.05102800    0.50388400 
 H                  1.44739700    5.11707000    0.70013000 
 C                  2.04916000    3.58877100   -0.69881800 
 H                  2.39023000    4.29574400   -1.45043100 
 N                  1.79742600   -0.10118800   -0.24165700 
 C                  1.17327500    1.76227700    1.20417700 
 H                  0.85779300    1.04536300    1.95711300 
 C                  2.12796400    2.22139800   -0.95874600 
 H                  2.50919800    1.87549600   -1.91347800 
 H                  0.58743000   -1.43146000   -1.31623700 
 
TS3 (toluene); EH = −1199.32265473 
 
 P                 -1.32865200   -0.46467200    0.00803200 
 H                 -0.94705000    0.83130400    0.40596900 
 C                 -3.18184300   -0.07961300    0.00219200 
 C                 -4.12435000   -1.07072000    0.29110500 
 C                 -3.63920200    1.19424800   -0.34886500 
 C                 -5.49139000   -0.80091100    0.23103000 
 H                 -3.78980000   -2.07002800    0.57152400 
 C                 -5.00406500    1.47388400   -0.41198900 
 H                 -2.92086200    1.98317300   -0.57345700 
 C                 -5.93284900    0.47433200   -0.12199400 
 H                 -6.21203700   -1.58151300    0.46164200 
 H                 -5.34426400    2.47006600   -0.68347100 
 H                 -6.99704000    0.68908200   -0.16844100 
 B                 -0.67356500   -1.03308500   -1.68016900 
 H                 -0.42275000   -0.12385300   -2.42224200 
 H                 -1.08362300   -2.07311500   -2.12103100 
 H                 -1.44324200   -1.46388100    0.99817800 
 C                  0.71548300   -0.99227700   -0.12062000 
 C                  1.29428100   -2.28492300    0.48395700 
 C                  2.72457100   -2.27660100   -0.10239400 
 H                  3.45236700   -2.73918800    0.57409500 
 H                  2.73060200   -2.85968600   -1.03140700 
 C                  3.10026500   -0.80293300   -0.41291400 
 C                  1.32356000   -2.12937300    2.01004000 
 H                  0.30991200   -2.10748400    2.42525500 
 H                  1.83136000   -1.20732200    2.30768900 
 H                  1.85584600   -2.97138200    2.46752300 
 C                  0.55023100   -3.56524700    0.11585300 
 H                  1.07443100   -4.43368900    0.53016000 
 H                  0.48695900   -3.69777600   -0.96898800 
 H                 -0.46888000   -3.57443400    0.51707000 
 C                  4.15434700   -0.25939500    0.55205000 
 H                  5.09941200   -0.79391000    0.41040400 
 H                  3.84290600   -0.38259900    1.59364900 
 H                  4.34074700    0.80488300    0.37524900 
 C                  3.61254700   -0.68499400   -1.85413300 
 H                  3.97030000    0.32541600   -2.07445200 
 H                  2.82344500   -0.94140400   -2.56936400 
 H                  4.45070700   -1.37331500   -2.01347800 
 C                  1.68656900    1.27982000   -0.00820400 
 C                  1.09320800    3.14559300    1.43408600 
 H                  0.71787800    3.50664100    2.38790700 
 C                  1.47435100    4.05065600    0.44374900 
 H                  1.39298200    5.11979500    0.61728900 
 C                  1.95706400    3.56959500   -0.77189400 
 H                  2.24588300    4.26447800   -1.55590700 
 N                  1.79917600   -0.11237000   -0.21176100 
 C                  1.20900900    1.77556600    1.21420200 
 H                  0.93902200    1.06982300    1.99505500 
 C                  2.05127200    2.19799600   -1.00194300 
 H                  2.38976100    1.83314000   -1.96572000 





K (THF); EH = −1199.42547708 
 
 B                 -0.44116600   -0.99160100   -1.06790700 
 H                 -0.91711200   -2.09431500   -1.27026200 
 P                 -1.39719700   -0.32610300    0.49437400 
 H                 -1.22481300   -1.01821400    1.70959900 
 H                 -1.05553900    0.97888600    0.89592500 
 C                 -3.20564600   -0.24911800    0.30461000 
 C                 -3.99544900    0.41455000    1.25219000 
 C                 -3.81216100   -0.86414300   -0.79483300 
 C                 -5.37836000    0.45845200    1.09995800 
 H                 -3.53294000    0.89982400    2.10805700 
 C                 -5.19815400   -0.81765100   -0.94295700 
 H                 -3.20129200   -1.37363000   -1.53399500 
 C                 -5.98077900   -0.15861100    0.00250400 
 H                 -5.98576400    0.97582300    1.83687000 
 H                 -5.66379200   -1.29606600   -1.79963000 
 H                 -7.06004900   -0.12221200   -0.11508900 
 C                  1.16975300   -1.02086500   -0.82508000 
 C                  1.76365700   -2.33313700   -0.26858800 
 C                  3.08635500   -0.39311400    0.54366300 
 C                  3.17944500   -1.87283400    0.10439700 
 H                  3.82127000   -1.94542800   -0.78237500 
 H                  3.63315600   -2.49755300    0.88242000 
 N                  1.69733900   -0.00679200    0.11366900 
 C                  4.16178600    0.42768700   -0.17686300 
 H                  4.14880600    1.47781700    0.13241600 
 H                  5.15266500    0.01932300    0.05115700 
 H                  4.02005400    0.38725500   -1.26248400 
 C                  3.27957600   -0.25618500    2.05727400 
 H                  4.24596000   -0.68565200    2.34468500 
 H                  3.28406500    0.79003600    2.37538900 
 H                  2.49431400   -0.78300900    2.60700500 
 C                  1.79772900   -3.43134100   -1.32853500 
 H                  2.30678500   -4.32375600   -0.94516700 
 H                  0.78394700   -3.72347700   -1.62332900 
 H                  2.33033700   -3.09893300   -2.22737900 
 C                  1.01933600   -2.85790900    0.96267600 
 H                  0.94529000   -2.09873300    1.74676400 
 H                  0.00689200   -3.18250200    0.69919300 
 H                  1.54777000   -3.72173100    1.38349700 
 H                 -0.82936500   -0.21627900   -1.92343300 
 C                  1.46103500    1.35329100   -0.16941600 
 C                  1.14844700    1.81177700   -1.46015100 
 C                  1.50610300    2.30810800    0.86488700 
 C                  0.90392200    3.16272700   -1.70474300 
 H                  1.09371700    1.10647800   -2.28127300 
 C                  1.28040800    3.65776200    0.61324800 
 H                  1.69476800    1.98024100    1.88135000 
 C                  0.97494500    4.09893100   -0.67544900 
 H                  0.66318700    3.48298200   -2.71554300 
 H                  1.32363800    4.36682200    1.43623900 
 H                  0.78620400    5.15083900   -0.86971500 
 H                  1.64586600   -0.89553300   -1.82104700 
 
K (toluene); EH = −1199.42247017 
 
 B                 -0.43782800   -0.99766200   -1.06521600 
 H                 -0.91925000   -2.10041700   -1.25112600 
 P                 -1.39283400   -0.31133800    0.48739300 
 H                 -1.22650500   -0.98738800    1.71355800 
 H                 -1.05416600    0.99865800    0.87687500 
 C                 -3.20160200   -0.23923700    0.29576100 
 C                 -3.99802100    0.40137800    1.25321700 
 C                 -3.80105000   -0.83385400   -0.81826800 
 C                 -5.38019600    0.44257500    1.09721300 
 H                 -3.54048200    0.87203300    2.12007500 
 C                 -5.18647300   -0.79008900   -0.97028700 
 H                 -3.18380700   -1.32418100   -1.56504700 
 C                 -5.97547400   -0.15444700   -0.01475900 
 H                 -5.99272700    0.94229600    1.84208200 
 H                 -5.64677500   -1.25247000   -1.83859000 
 H                 -7.05448800   -0.12038500   -0.13574300 
 C                  1.17211300   -1.02697500   -0.81930600 
 C                  1.76362300   -2.33811000   -0.25820300 
 C                  3.09434400   -0.39480200    0.53390000 
 C                  3.18164900   -1.87973400    0.10969800 
 H                  3.82376500   -1.96470300   -0.77571100 
 H                  3.63237500   -2.49860700    0.89427200 
 N                  1.69999700   -0.01328500    0.11934800 
 C                  4.15810000    0.41997700   -0.21053900 
 H                  4.14535400    1.47389300    0.08531200 
 H                  5.15353600    0.01748200    0.00822800 
 H                  4.00152400    0.36700400   -1.29351700 
 C                  3.30823700   -0.24203700    2.04305400 
 H                  4.27769400   -0.66985100    2.32258800 
 H                  3.31893400    0.80758700    2.34957100 
 H                  2.52926800   -0.76211600    2.60822100 
 C                  1.79055400   -3.44243900   -1.31164300 
 H                  2.29711200   -4.33489300   -0.92503600 
 H                  0.77502600   -3.73148100   -1.60283200 
 H                  2.32176500   -3.11713500   -2.21381700 
 C                  1.02026900   -2.85099900    0.97863600 
 H                  0.95286700   -2.08470100    1.75665900 
 H                  0.00579000   -3.17274600    0.71958900 
 H                  1.54496600   -3.71448500    1.40479500 
 H                 -0.82566500   -0.23066400   -1.92718900 
 C                  1.45748200    1.34743900   -0.15932700 
 C                  1.14023600    1.80834000   -1.44740500 
 C                  1.49791500    2.29767300    0.87891800 
 C                  0.88639500    3.15829800   -1.68565300 
 H                  1.08710400    1.10532800   -2.27054900 
 C                  1.26357200    3.64671600    0.63313700 
 H                  1.68958200    1.96541900    1.89346800 




 H                  0.64117300    3.48099200   -2.69448000 
 H                  1.30418400    4.35315300    1.45851400 
 H                  0.75765400    5.14181400   -0.84290900 
 H                  1.64896700   -0.90405500   -1.81518000 
 
L (THF); EH = −1797.73253917 
 
 H                  1.82976100   -0.58294700    1.02075700 
 H                  2.86996200   -0.93159200   -0.68551600 
 H                 -0.40730000    1.87969000    0.99785200 
 H                 -0.62690900    2.93954800   -0.71797100 
 H                 -1.42946300   -1.28175400    1.01276800 
 H                 -2.22984800   -2.02515800   -0.69670100 
 P                  0.38817300   -1.79623600   -0.72142700 
 H                  0.43388000   -1.99459000   -2.11848200 
 P                  1.36241400    1.22136000   -0.74001700 
 H                  1.50806700    1.34072500   -2.13918000 
 P                 -1.73534200    0.55617200   -0.75195300 
 H                 -1.90233600    0.60432500   -2.15303000 
 B                 -1.41665300   -1.28395500   -0.19885900 
 B                  1.82242600   -0.59016300   -0.19090500 
 B                 -0.39837700    1.86622400   -0.21370800 
 C                  0.74429000   -3.47810200   -0.12142600 
 C                  0.93120900   -4.53923000   -1.01370300 
 C                  0.82737900   -3.71384300    1.25627300 
 C                  1.19836700   -5.82055800   -0.53317500 
 H                  0.86898900   -4.36975900   -2.08542500 
 C                  1.09407400   -4.99511000    1.73219500 
 H                  0.68464400   -2.89722400    1.95910300 
 C                  1.28001200   -6.05052300    0.83892200 
 H                  1.34244800   -6.63817900   -1.23374200 
 H                  1.15692500   -5.16905600    2.80259600 
 H                  1.48819600   -7.04910900    1.21227400 
 C                  2.64175500    2.37934900   -0.15861000 
 C                  3.46603800    3.05866800   -1.06201700 
 C                  2.80584300    2.58968300    1.21594000 
 C                  4.44211900    3.93829200   -0.59548300 
 H                  3.34951100    2.90385200   -2.13143700 
 C                  3.78209500    3.46878600    1.67784400 
 H                  2.17102100    2.06805200    1.92736400 
 C                  4.60165800    4.14471300    0.77350700 
 H                  5.07724600    4.46161900   -1.30455600 
 H                  3.90222700    3.62620900    2.74590900 
 H                  5.36226600    4.83034400    1.13584000 
 C                 -3.38208500    1.09219800   -0.18934200 
 C                 -4.37700000    1.45007400   -1.10546300 
 C                 -3.65592100    1.15036100    1.18257200 
 C                 -5.63061000    1.86099200   -0.65418400 
 H                 -4.17733400    1.40938100   -2.17302500 
 C                 -4.90925300    1.56140300    1.62924700 
 H                 -2.89128400    0.87409100    1.90381800 
 C                 -5.89864000    1.91729100    0.71226600 
 H                 -6.39689200    2.13662100   -1.37313700 
 H                 -5.11319400    1.60322300    2.69537300 
 H                 -6.87568000    2.23731800    1.06282800 
 
L (toluene); EH = −1797.72709301 
 
 H                  1.83491100   -0.58351600    1.02244800 
 H                  2.87193000   -0.92990000   -0.68619400 
 H                 -0.41004100    1.88414700    0.99861400 
 H                 -0.62760500    2.93939800   -0.72034800 
 H                 -1.43277200   -1.28789900    1.01095700 
 H                 -2.22766500   -2.02657600   -0.70312400 
 P                  0.39023400   -1.79486700   -0.71668500 
 H                  0.43761000   -1.99470200   -2.11475300 
 P                  1.36178400    1.22146200   -0.73315200 
 H                  1.50943800    1.34180800   -2.13331800 
 P                 -1.73398200    0.55505600   -0.74712000 
 H                 -1.90291600    0.60500600   -2.14919300 
 B                 -1.41738700   -1.28699900   -0.20025900 
 B                  1.82619500   -0.59006900   -0.18883900 
 B                 -0.39946800    1.86866600   -0.21253800 
 C                  0.74640700   -3.47794700   -0.12104200 
 C                  0.91345500   -4.54166700   -1.01338700 
 C                  0.84760400   -3.71187500    1.25520400 
 C                  1.17887200   -5.82366000   -0.53491200 
 H                  0.83683300   -4.37333300   -2.08442100 
 C                  1.11233600   -4.99372200    1.72934500 
 H                  0.72084500   -2.89236700    1.95752200 
 C                  1.27849500   -6.05172500    0.83590200 
 H                  1.30757300   -6.64349000   -1.23596000 
 H                  1.18948900   -5.16616400    2.79907800 
 H                  1.48540600   -7.05103900    1.20810900 
 C                  2.64090100    2.38122200   -0.15577800 
 C                  3.47214300    3.05098100   -1.05917700 
 C                  2.79789300    2.60173400    1.21744900 
 C                  4.44814500    3.93098100   -0.59447900 
 H                  3.36087000    2.88804800   -2.12800800 
 C                  3.77407700    3.48102100    1.67779500 
 H                  2.15662300    2.08749700    1.92825500 
 C                  4.60066800    4.14731800    0.77336000 
 H                  5.08884500    4.44698800   -1.30396600 
 H                  3.88862900    3.64641400    2.74528800 
 H                  5.36138400    4.83340500    1.13471100 
 C                 -3.38194500    1.09043000   -0.18860000 
 C                 -4.37370500    1.45359400   -1.10526600 
 C                 -3.65926400    1.14330400    1.18226900 
 C                 -5.62760400    1.86453800   -0.65614300 
 H                 -4.17083700    1.41695600   -2.17243000 
 C                 -4.91271900    1.55448800    1.62706400 
 H                 -2.89637700    0.86234100    1.90336100 
 C                 -5.89898500    1.91570100    0.70943000 
 H                 -6.39163100    2.14433600   -1.37595100 
 H                 -5.11939500    1.59224700    2.69283300 





(CAAC-H)+; EH = −599.30723087 
 
 C                  1.20024600   -1.42407400   -0.33522300 
 C                  0.65313900   -2.80840400   -0.23603500 
 C                  1.92812500   -3.62055400    0.15308900 
 H                  1.71983600   -4.33846400    0.96092900 
 H                  2.27801700   -4.19710000   -0.71862800 
 C                  3.02887800   -2.60860900    0.58475200 
 C                 -0.44377900   -2.82267300    0.86585300 
 H                 -1.28488400   -2.15940800    0.60698200 
 H                 -0.05058600   -2.52237700    1.84984300 
 H                 -0.83774200   -3.84837200    0.95318900 
 C                  0.04029700   -3.25186900   -1.58511800 
 H                 -0.30660300   -4.29415100   -1.49672000 
 H                  0.77616500   -3.20583400   -2.40385700 
 H                 -0.82824400   -2.63066400   -1.85762300 
 C                  3.18430000   -2.47532500    2.10834000 
 H                  3.59509300   -3.41759600    2.50404300 
 H                  2.22011300   -2.28860300    2.60725800 
 H                  3.88301500   -1.66613000    2.37313400 
 C                  4.38037600   -2.88808100   -0.07991900 
 H                  5.14821000   -2.15770600    0.21813500 
 H                  4.30100800   -2.90836500   -1.17872200 
 H                  4.72349200   -3.88240200    0.24850900 
 C                  3.09469400   -0.00568400    0.16777700 
 C                  3.27417300    2.15331900    1.24361600 
 H                  2.93506000    2.86587400    2.00029800 
 C                  4.32942700    2.48477400    0.37991800 
 H                  4.81466400    3.46111600    0.46159100 
 C                  4.75962400    1.56885800   -0.59348000 
 H                  5.57077100    1.83313900   -1.27720600 
 N                  2.42897600   -1.28978800    0.06532100 
 C                  2.64705600    0.90352700    1.14186900 
 H                  1.83092500    0.62986400    1.81726100 
 C                  4.14738200    0.31250700   -0.70608700 
 H                  4.46454800   -0.39258200   -1.47776500 
 H                  0.64666800   -0.54643400   -0.69034500 
 
NHC-H2; EH = −688.72842455 
 
 C                  2.43891100    0.11483900    0.04631300 
 C                  4.02530000   -1.72473700    0.07770700 
 H                  4.20670400   -2.79614900    0.08195200 
 C                  5.09605600   -0.83584300    0.09731000 
 H                  6.11834500   -1.19959100    0.11692200 
 C                  4.82809800    0.53365200    0.09118400 
 H                  5.64748300    1.24730800    0.10611300 
 N                  1.13553400    0.56277000    0.02139800 
 C                  2.71163200   -1.26596600    0.05249000 
 H                  1.90124100   -1.98725700    0.03771000 
 C                  3.52492800    1.01097600    0.06615100 
 H                  3.35465300    2.08202300    0.06205500 
 N                 -1.13551700    0.56278400   -0.02193200 
 C                 -2.43890700    0.11487100   -0.04645000 
 C                 -2.71166800   -1.26593100   -0.05142300 
 C                 -3.52489800    1.01102200   -0.06706300 
 C                 -4.02535000   -1.72468500   -0.07623200 
 H                 -1.90129900   -1.98723300   -0.03601800 
 C                 -4.82808100    0.53371500   -0.09167100 
 H                 -3.35459100    2.08206700   -0.06390300 
 C                 -5.09608000   -0.83577700   -0.09660200 
 H                 -4.20678600   -2.79609500   -0.07954300 
 H                 -5.64744600    1.24738300   -0.10721600 
 H                 -6.11838100   -1.19951100   -0.11589100 
 C                 -0.67109600    1.87856100   -0.01362100 
 H                 -1.33869200    2.72362600   -0.02682900 
 C                  0.67115200    1.87855300    0.01197000 
 H                  1.33877200    2.72361000    0.02445800 
 C                 -0.00000400   -0.34188600    0.00012800 
 H                 -0.01713000   -0.99223500    0.89449200 
 H                  0.01710200   -0.99301700   -0.89366700 
 
CAAC-H2; EH = −600.21572526 
 
 C                  2.38461200   -0.70290600    0.06790800 
 C                  2.27777800    0.72256300   -0.49131000 
 H                  3.03070300    1.39779900   -0.07031900 
 H                  2.44323100    0.68952200   -1.57538500 
 C                  0.84024900    1.22749900   -0.21268300 
 C                  2.72553300   -0.72364000    1.56164300 
 H                  2.83838900   -1.75578900    1.91296000 
 H                  1.94055400   -0.25538700    2.16164000 
 H                  3.66796400   -0.19927500    1.75643800 
 C                  3.40478200   -1.54168600   -0.69751500 
 H                  4.41714300   -1.14585700   -0.55803400 
 H                  3.19071000   -1.54924500   -1.77215400 
 H                  3.40561700   -2.57981400   -0.34533500 
 C                  0.85109900    2.20595100    0.97197800 
 H                  1.47556400    3.07097700    0.72232900 
 H                  1.26342700    1.73681600    1.86831800 
 H                 -0.14239900    2.58317400    1.22188000 
 C                  0.29667400    1.92408500   -1.46678100 
 H                 -0.70353200    2.33884200   -1.32071100 
 H                  0.25001800    1.22077900   -2.30474600 
 H                  0.96377800    2.74652100   -1.74764300 
 C                 -1.26309900   -0.18675200    0.06363100 
 C                 -3.53039400    0.68022700    0.32479700 
 H                 -4.17753400    1.52768300    0.53661400 
 C                 -4.08422800   -0.57270000    0.06748600 
 H                 -5.15989700   -0.71826700    0.07111500 
 C                 -3.21928200   -1.63075400   -0.19304200 
 H                 -3.61663500   -2.62069200   -0.40263500 
 N                  0.11632500   -0.03464300    0.09253300 
 C                 -2.15488300    0.87452100    0.32837600 




 C                 -1.83958300   -1.44803800   -0.20232400 
 H                 -1.20917000   -2.29998100   -0.42752500 
 C                  0.95424600   -1.19356600   -0.15707300 
 H                  0.83682500   -1.57334500   -1.18930900 
 H                  0.69288100   -2.01145300    0.52571600 
 
(NHC-H)+; EH = −687.94069071 
 
 C                 -0.00000200   -0.23870400    0.00007700 
 C                  2.44236300    0.07274200   -0.02728600 
 C                  4.14104100   -1.31237200   -0.99389200 
 H                  4.45472000   -2.03600500   -1.73939500 
 C                  5.05373800   -0.82563200   -0.06007600 
 H                  6.08031600   -1.17783100   -0.07321300 
 C                  4.65450700    0.11437000    0.88877900 
 H                  5.36450800    0.48921800    1.61898600 
 N                  1.08549900    0.54030600   -0.00651500 
 C                  2.82481300   -0.85885600   -0.98871900 
 H                  2.11663400   -1.20483400   -1.73632300 
 C                  3.33902100    0.56807000    0.91560800 
 H                  3.01218500    1.27927900    1.66865800 
 H                 -0.00001300   -1.31811600    0.00053000 
 N                 -1.08548700    0.54033400    0.00602200 
 C                 -2.44236000    0.07281700    0.02719200 
 C                 -2.82482500   -0.85796800    0.98940600 
 C                 -3.33901200    0.56737300   -0.91611300 
 C                 -4.14106200   -1.31145300    0.99496500 
 H                 -2.11665100   -1.20333300    1.73729800 
 C                 -4.65450700    0.11372200   -0.88889800 
 H                 -3.01216600    1.27794500   -1.66975900 
 C                 -5.05375300   -0.82547600    0.06074500 
 H                 -4.45475300   -2.03445500    1.74107500 
 H                 -5.36450400    0.48797300   -1.61941600 
 H                 -6.08033900   -1.17764400    0.07418100 
 C                 -0.68040700    1.85839300    0.00375100 
 H                 -1.39029700    2.67057900    0.02411700 
 C                  0.68044700    1.85837500   -0.00535600 
 H                  1.39035500    2.67052800   -0.02640600 
 
(CAAC-H)•; EH = −599.57034013 
 
 C                  1.10628600   -1.35718400   -0.14143100 
 C                  0.62864600   -2.77929000   -0.09873700 
 C                  1.96204500   -3.55077400    0.02671900 
 H                  1.90502700   -4.37888700    0.74066500 
 H                  2.22754500   -3.97663400   -0.94785000 
 C                  3.05435000   -2.54417800    0.43830100 
 C                 -0.30876700   -3.03605100    1.09408800 
 H                 -1.20443800   -2.40920900    1.02028400 
 H                  0.17913700   -2.81170300    2.04692900 
 H                 -0.63023800   -4.08505900    1.11243300 
 C                 -0.11353400   -3.16147300   -1.38873200 
 H                 -0.39584300   -4.22147700   -1.37681300 
 H                  0.51296500   -2.98323600   -2.26907100 
 H                 -1.03125600   -2.57231600   -1.49848600 
 C                  3.20582600   -2.43513900    1.95924900 
 H                  3.54087600   -3.39068800    2.37608600 
 H                  2.25852900   -2.16296900    2.43321900 
 H                  3.94791100   -1.67265200    2.21871800 
 C                  4.39123700   -2.94638100   -0.17979300 
 H                  5.22151000   -2.34010800    0.19191700 
 H                  4.35775700   -2.88186300   -1.27196900 
 H                  4.60151400   -3.98642600    0.09224600 
 C                  3.11155700   -0.02217400    0.08458500 
 C                  2.99925100    2.28569300    0.84883400 
 H                  2.43785800    3.08071900    1.33301300 
 C                  4.29693800    2.52128000    0.39715400 
 H                  4.75411400    3.49933200    0.51475900 
 C                  4.99500900    1.48217300   -0.22108900 
 H                  5.99964800    1.65183900   -0.59949600 
 N                  2.49172600   -1.27083800   -0.10303600 
 C                  2.41269300    1.03179200    0.69982800 
 H                  1.41095200    0.84845700    1.07665800 
 C                  4.41147400    0.23039700   -0.38867900 
 H                  4.95369600   -0.54124100   -0.92106900 
 H                  0.56043700   -0.55200700   -0.62445500 
 
[PhPH(BH3)]•; EH = −599.76342720 
 
 P                 -1.66089000    1.17791100    0.83803600 
 C                 -3.18492400    0.64963600    0.08717100 
 C                 -3.45619600    0.90006900   -1.27235100 
 C                 -4.11894000   -0.07154800    0.85653100 
 C                 -4.64047300    0.44850400   -1.84093500 
 H                 -2.74175500    1.45148300   -1.87754000 
 C                 -5.30074800   -0.51771000    0.27815700 
 H                 -3.91679300   -0.27027200    1.90520300 
 C                 -5.56413000   -0.26017100   -1.06899900 
 H                 -4.84644500    0.65047200   -2.88781800 
 H                 -6.01996600   -1.06686200    0.87836600 
 H                 -6.48861300   -0.61160200   -1.51756000 
 B                 -1.53560100    1.60218800    2.72111000 
 H                 -0.35848600    1.77998100    2.94165800 
 H                 -2.02327300    0.67585000    3.32940300 
 H                 -1.11820200    2.07004500   -0.10833900 
 H                 -2.19541700    2.62826500    2.79308500 
 
M; EH = −1198.63269258 
 
 C                 -0.12190200   -2.38136000   -0.78789900 
 C                 -0.08043100   -0.86195300   -0.53893900 
 C                 -2.29512600   -1.61041700    0.13589200 
 C                 -1.31843100   -2.80470300    0.07280600 
 H                 -1.80632500   -3.70110700   -0.31920400 
 H                 -0.98016800   -3.04555300    1.08760700 




 H                  1.10859900   -4.17267700   -0.61887400 
 H                  2.06080000   -2.70788800   -0.84612700 
 H                  1.23077700   -3.23147700    0.75262600 
 C                 -0.33757500   -2.62965500   -2.28851000 
 H                  0.56275200   -2.37706700   -2.85763300 
 H                 -0.57510700   -3.68169200   -2.47038800 
 H                 -1.15777000   -2.02016200   -2.67392600 
 C                 -2.81018800   -1.47448000    1.57509100 
 H                 -3.56422200   -0.69574000    1.69754700 
 H                 -3.26784500   -2.42268800    1.87500400 
 H                 -1.98975700   -1.26520700    2.26897300 
 C                 -3.46105800   -1.82863400   -0.83841700 
 H                 -4.03624200   -2.70085800   -0.51279100 
 H                 -4.14519600   -0.98022900   -0.88125700 
 H                 -3.10254200   -2.01909900   -1.85229600 
 N                 -1.42498100   -0.47351200   -0.28604100 
 P                  1.12957400   -0.45888900    0.91263300 
 H                  0.34344700    0.16175100    1.89546200 
 B                  1.86835100   -2.13487300    1.53680900 
 H                  1.29302200   -2.62374700    2.46348300 
 H                  3.03687200   -2.29538400    1.38817100 
 C                  2.41539300    0.73390000    0.49401400 
 C                  2.31394800    2.05768400    0.94159800 
 C                  3.51043700    0.33462500   -0.28310400 
 C                  3.30614200    2.97458800    0.60795600 
 H                  1.46841200    2.37406600    1.54588500 
 C                  4.49156500    1.26237700   -0.62015100 
 H                  3.61203400   -0.69339900   -0.61955400 
 C                  4.39061100    2.57978400   -0.17477500 
 H                  3.23068400    3.99826400    0.96130800 
 H                  5.33882100    0.95215900   -1.22369200 
 H                  5.16150600    3.29910400   -0.43398500 
 C                 -1.79503600    0.87169200   -0.34652000 
 C                 -0.85460900    1.85316700   -0.72102500 
 C                 -3.09712100    1.31718100   -0.04318100 
 C                 -1.20235700    3.19987000   -0.79383700 
 H                  0.16454000    1.58781300   -0.97466200 
 C                 -3.43128700    2.66438600   -0.11999600 
 H                 -3.86769900    0.62117500    0.25278500 
 C                 -2.49250200    3.62415400   -0.49448100 
 H                 -0.44336100    3.91845400   -1.09079500 
 H                 -4.44833300    2.96139000    0.12050400 
 H                 -2.76133500    4.67415300   -0.54995800 
 H                  0.35729000   -0.33560400   -1.39521200 
 
M’; EH = −1198.62953343 
 
C                  0.03944000    2.40111900    0.42591000 
 C                 -0.19275100    0.95976200    0.93890500 
 C                 -1.19094800    1.06103600   -1.27443000 
 C                 -0.20440700    2.23192900   -1.08390200 
 H                 -0.58061300    3.15004000   -1.54403100 
 H                  0.74018200    1.98431900   -1.58182400 
 C                  1.44903400    2.92081600    0.70082000 
 H                  1.51605200    4.01292500    0.64645400 
 H                  1.72270300    2.78418800    1.79759800 
 H                  2.20280900    2.52718200    0.01816100 
 C                 -0.97586400    3.33249300    1.10027900 
 H                 -0.72452600    3.47832800    2.15627500 
 H                 -0.97724100    4.31133700    0.61148300 
 H                 -1.98987500    2.92942300    1.05181000 
 C                 -0.78801200    0.24791800   -2.50779100 
 H                 -1.51953900   -0.53271400   -2.73394600 
 H                 -0.74025700    0.91083900   -3.37843500 
 H                  0.19409100   -0.21418100   -2.37106200 
 C                 -2.63995300    1.52823800   -1.44442300 
 H                 -2.73647300    2.09175300   -2.37768000 
 H                 -3.31719300    0.67045100   -1.50013100 
 H                 -2.97013300    2.16830200   -0.62307300 
 N                 -1.02599100    0.30569600    0.00183800 
 P                  1.48218200    0.08776600    1.29566700 
 C                 -1.95013700   -0.68230800    0.42755000 
 C                 -2.73801200   -0.49382900    1.57231700 
 C                 -2.09397000   -1.87322400   -0.29613000 
 C                 -3.63953900   -1.47217800    1.98245800 
 H                 -2.66477600    0.43009400    2.13937900 
 C                 -3.01557100   -2.83919900    0.10379500 
 H                 -1.47344300   -2.04819200   -1.16794100 
 C                 -3.78820400   -2.64782200    1.24732500 
 H                 -4.24123400   -1.30466700    2.87129400 
 H                 -3.11476600   -3.75331000   -0.47477000 
 H                 -4.49789900   -3.40621800    1.56387200 
 H                  1.15195700   -0.92133000    2.21425200 
 H                  3.64577500    1.67434000    1.77412600 
 H                  2.19280500    1.70970700    3.26417800 
 B                  2.54078000    1.45380100    2.15066200 
 C                  2.21277400   -0.74268700   -0.12157800 
 C                  1.68350900   -1.97557400   -0.52779600 
 C                  3.27221900   -0.16398700   -0.83155000 
 C                  2.21214100   -2.61886200   -1.64300400 
 H                  0.86913800   -2.43731000    0.02360300 
 C                  3.79093200   -0.81356300   -1.94792400 
 H                  3.71006500    0.77690100   -0.51169000 
 C                  3.26085100   -2.03741000   -2.35458600 
 H                  1.80517800   -3.57624500   -1.95353100 
 H                  4.61550800   -0.36605100   -2.49393500 
 H                  3.67138900   -2.54292900   -3.22346300 
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Ni(COD)2 (COD = 1,5-cyclooctadiene) was found to function as a precatalyst for the thermal 
dehydropolymerisation of PhPH2·BH3, in THF at 70 °C over 72 h, to give high molar mass 
poly(phenylphosphinoborane), [PhHP–BH2]n, in ca. 50% isolated yield. Mechanistic studies 
point towards a homogenous active species facilitating a chain-growth polymerisation. 
Ni(COD)2 is also active for the dehydropolymerisation of the P-alkyl substituted 
phosphine-borane nHexPH2·BH3. The P-disubstituted phosphine-boranes Ph2PH·BH3 and 
PhEtPH·BH3 undergo catalytic dehydrogenation under identical conditions to give the linear 
dimers, PhRHP·BH2–PPhR·BH3 (R = Ph or Et), as the major products. Additionally, the cyclic 
trimer [PhHP–BH2]3 (3.1) has been isolated, from the oligomeric material formed in catalytic 
dehydrogenation of PhPH2·BH3 using Ni(COD)2, and structurally characterised using X-ray 
crystallography. 
3.2 Introduction 
Polymers comprising p-block elements other than carbon in the backbone have been of 
increasing interest for over two decades as the inclusion of inorganic elements provides 
access to materials with unique chemical and physical properties.1,2 Prominent examples are 
polyphosphazenes [R2PN]n,3–15 polysiloxanes [R2SiO]n,16–18 polysilanes [SiR2]n19–22 and 
polystannanes [SnR2]n.23–28 Polyaminoboranes [RHN–BH2]n29–46 and polyphosphinoboranes 
[RHP–BH2]n47 are classes of main group polymers with  alternating group 13 (B) and group 15 
(N/P) elements making them formally isoelectronic with polyalkenes.48 They, however, 
display markedly different physical and chemical properties stemming from the bond polarity 
induced by the electronegativity differences.49,50 Polyphosphinoboranes have potential uses 
in a broad range of applications such as ceramic precursors, elastomers, lithographic resists, 




The first reports of polyphosphinoboranes were made in the 1950s through the thermal 
(> 200 °C) dehydrocoupling of Me2PH·BH3 and MePH2·BH3 in the presence of amines; 
however, the composition of the low molar mass materials were not convincingly 
characterised by modern standards.60–62 In 1999 our group reported the first example of a 
fully characterised polyphosphinoborane, [PhHP–BH2]n, an analogue of polystyrene, through 
the catalytic dehydrogenation of PhPH2·BH3 using the RhI precatalyst [{(COD)Rh(μ-Cl)}2] 
(COD = 1,5-cyclooctadiene).63,64 The resulting material is polydisperse and is believed to 
possess a large degree of chain branching due to the reaction necessitating melt phase 
conditions at high temperature (130 °C, 3 h). Nevertheless a variety of alkyl and aryl 
P-monosubstituted polyphosphinoboranes, [RHP–BH2]n, have been synthesised using these 
catalysts.51,52,65,66 
In 2015 we reported a much improved route towards the synthesis of [PhHP–BH2]n  using an 
FeII based precatalyst [CpFe(CO)2(OTf)] (Cp = η5-C5H5, OTf = CF3SO3).53 This route has the 
advantages of operating in the solution phase at a lower temperature (100 °C, toluene, 24 h), 
and using an earth-abundant metal, rather than a precious metal catalyst, to yield high molar 
mass material with relatively low dispersity values  (Mn = 59,000; Ð =1.6). Initial studies into 
the dehydropolymerisation showed an inverse dependence of molecular weight on catalyst 
loading and detection of high molar mass material at low conversions, which indicated a 
chain-growth process. The iron catalyst has been shown to be active for the 
dehydropolymerisation of a wide range of both aryl and alkyl phosphorus substituents.67–69 
An iridium pre-catalyst has also been shown to dehydropolymerise primary 
phosphine-boranes RPH2·BH3 (R = Ph, pTol, Mes) in solution (100 °C, toluene, 24 h) (Scheme 
3.1a).70 
In addition, there have been developments towards metal-free syntheses of high molar mass 
polyphosphinoboranes. In 2015 the thermolysis of Lewis-base stabilised phosphinoborane 
monomers was reported to give [RHP–BH2]n (R = tBu)71,72 under relatively mild conditions 
(22 – 40 °C, toluene, 48 h) (Scheme 3.1b) and in 2019 we reported the dehydropolymerisation 
of phosphine-boranes using cyclic (alkyl)(amino)carbenes (CAACs) as hydrogen acceptors 
(22 – 100 °C, THF or toluene, 1 - 24 h) (Scheme 3.1c).73 These metal-free routes have 
significant disadvantages of requiring synthetically challenging precursors or stoichiometric 




advantage of yielding P-disubstituted polymers, [RR’P–BH2]n  (R = Ph; R’ = Ph or Et), a class of 
polymer which has not been  accessible through a metal-catalysed route.   
 
Scheme 3.1 Current methods of synthesising polyphosphinoboranes. 
We are interested in further developing the methods for the synthesis of 
polyphosphinoboranes, with the goals of developing catalytic routes which produce high 
molar mass polymers under milder conditions, and allow convenient access to materials with 
a broad variety of phosphorus substituents. Nickel catalysis is a rapidly developing field, 
mentioned in over 40,000 articles, due to the relative abundance and low cost of nickel.74 
Ni(COD)2 is a commercially available, ubiquitous source of Ni0 used in a broad range of 
catalytic reactions,75 prompting us to investigate its activity towards phosphine-boranes.  
3.3 Results and Discussion  
3.3.1 Polymerisation of PhPH2·BH3 using Ni(COD)2 
3.3.1.1 Optimisation of polymerisation conditions in THF 
Preliminary experiments showed that poly(phenylphosphinoborane), [PhHP–BH2]n, could be 
synthesised through treatment of PhPH2·BH3 with catalytic (1 – 5 mol%) Ni(COD)2 in THF at 70 °C. 
The initial reaction solution is a dark brown colour which becomes more orange upon heating 
(Figure S3.37). After 72 h, > 95% conversion of the monomer was observed using 11B NMR 
spectroscopy and the 31P{1H} NMR spectra of the reaction mixture showed multiple broad peaks 
(δP = ca. -59 to -47 ppm). The higher field peaks, one of which has subsequently assigned as a 
6-membered cyclic species, were no longer present in the 31P{1H} NMR spectrum of the product 
after precipitation into cold (-40 °C) hexanes (see section 3.3.1.4 for further discussion). The 11B 




the polymer [PhHP–BH2]n.63 The 31P NMR spectrum of the isolated material in CDCl3 showed a 
doublet (δP = -49.8 ppm, 1JPH = 360 Hz) (Figure S3.27) and the 1H NMR spectrum showed a doublet 
(δH = 4.26 ppm, 1JPH = 360 Hz) for the PH proton (Figure S3.26). The observation of clean 1JPH 
doublets by both 31P and 1H NMR indicated that the polymer had a well-defined, essentially linear 
main chain.64 The 1H NMR spectrum showed additional broad peaks for the BH (δH = 0.98 – 
2.06 ppm) and phenyl (δH = 6.90 – 7.34 ppm) protons and the 11B NMR spectrum showed a broad 
signal  (δB = -33.9 ppm) (Figure S3.24c). Additionally, electrospray ionisation mass-spectroscopy 
(ESI-MS) was used to confirm the presence of the anticipated repeat unit (m/z of PhHP–BH2 = 122) 
(Figure S3.28). Gel permeation chromatography (GPC) on the isolated polymers showed a 
bimodal distribution consisting of a higher molar mass polymeric fraction 
(Mn = 26,900 – 35,500 Da; Ð = 1.63 – 2.11) and a lower molar mass fraction (Mn < ca. 1,200 Da) 
which could not be analysed in detail at it was located outside of the calibration range for the 
instrument. The lower molar mass fraction detected using GPC analysis had qualitatively identical 
31P chemical shift to that of the high molar mass fraction and is presumably higher in molar mass 
than the oligomers which were removed by precipitation. The polymerisation conditions in THF 
were optimised with the results shown in Table 3.1 (runs 1 – 7). 


















1 1 1 THF 70 72 96 32.9 53.5 1.63 49 
2 1 2 THF 70 72 100 26.9 56.9 2.11 55 
3 1 4 THF 70 72 99 28.4 58.2 2.05 53 
4 2.5 1 THF 70 72 98 35.5 43.8 1.72 41 
5 5 1 THF 70 72 100 35.0 41.1 1.64 47 
6 1 1 THF 50 195 74 17.8 25.2 1.59 33 
7 1 1 THF 60 195 93 28.2 40.6 1.61 24 
8 0 1 THF 70 72 20 23.1 31.3 1.36 2 
9 0 1 THF 70 624 96 52.8 101.1 1.91 27 
10 1 1 1,4-dioxane 70 110 92 16.7 29.0 1.74 37 
11 1 1 1,4-dioxane 100 24 100 18.9 36.0 1.95 39 
12 1 1 1,4-dioxane 100 72 100 24.2 41.2 1.70 49 
13 1 1 2-methyl-THF 70 72 100 32.8 50.9 1.56 40 
14e 1 1 THF 70 38 100 27.8 43.8 1.56 33 
15f 1 4 THF 70 72 100 25.4 50.9 2.00 53 
aConcentration of PhPH2·BH3; bdetermined using 11B NMR spectroscopy; cdetermined using GPC analysis; 
dcombined isolated yield of high and low molar mass components in GPC; ereaction opened to air for 15 min. 




The 11B{1H} NMR spectra (Figure S3.1 and Figure S3.5) of the reaction mixtures upon altering 
the concentration (runs 1 - 3) or catalyst loading (runs 1, 4 and 5) were qualitatively identical; 
however, the corresponding 31P{1H} NMR spectra clearly showed a greater ratio of the 
polymeric material (which is isolated during work up) to the oligomeric material (which is 
removed during work-up), being formed at both higher concentrations and lower catalyst 
loadings (Figure S3.2 and Figure S3.6). GPC analysis of the isolated polymeric material showed 
a bimodal distribution for each set of conditions with the distribution being skewed towards 
the higher molar mass fraction at higher concentrations and lower catalyst loadings (Figure 
S3.3 and Figure S3.7).  Analysis of the higher molar mass fraction showed that increasing the 
concentration results in a small increase in Mw of the material formed whereas increasing the 
catalyst loading leads to a decrease. The combination of the 31P NMR spectra of the crude 
reaction mixture and the GPC data on the isolated material indicated that higher 
concentrations and lower catalyst loadings simultaneously favour polymerisation over 
termination or cyclisation events and promote the formation of larger relative quantities of 
the higher molar mass fraction of polymeric material. 
The effect of temperature on the Ni(COD)2-catalysed polymerisation in THF was explored 
(runs 1, 6 and 7). Below 50 °C there was no detectable dehydrogenation of PhPH2·BH3 over 
24 h, whereas at 50 °C and 60 °C monomer conversion was detected, although the reaction 
was significantly slower than at 70 °C (Figure S3.8). A comparison of the GPC data showed 
that higher molar mass material is formed as the temperature is increased from 50 °C to 70 °C. 
PPhH2·BH3 was heated at 70 °C in THF with no catalyst as a control reaction. After 72 h, the 
same time period used for the Ni(COD)2-catalysed reactions, ca. 20% conversion was 
achieved. Precipitation into hexanes at this point gave a very low yield (ca. 2 %) of polymeric 
material (Mn = 23,100 Da; Ð = 1.36) (run 8). This prompted us to repeat the same reaction, 
but with a prolonged reaction time. If the reaction mixture is heated for ca. 4 weeks, 95 % 
conversion of monomer is achieved (run 9) (Figure S3.10). Although this is considerably slower 
than the Ni(COD)2-catalysed reactions the molar mass of the material isolated is significantly 
higher (Mn = 52,800; Ð = 1.91) (Figure S3.15). The 11B and 31P NMR spectra of the reaction 
mixture prior to work-up showed the formation of the same species as in the analogous 
reaction in the presence of catalyst (run 1) (Figure S3.11 and Figure S3.12), but there is 




resulting in increased cleavage of the P–B bond of the starting material, PPhH2·BH3. This 
dissociation explained the low isolated yield of [PhHP–BH2]n (27%). The 31P and 1H NMR 
spectra of the isolated polymer both showed clean doublets for the 1JPH coupling. This is in 
contrast to the poorly resolved signals observed when neat PPhH2·BH3 is heated (3 h at 90 °C 
and 3 h and 130 °C) where the resulting product is oligomeric.64 This suggests that either using 
THF as a solvent and/or the use of the lower temperature promotes dehydrogenation to give 
a well-defined linear polymer. 
From the optimisation studies it was determined that the best conditions for achieving high 
molar mass material in THF (both the amount as determined by the relative ratio of the peaks 
in the bimodal GPC chromatogram, and the size as determined by analysing the high molar 
mass peak in the GPC chromatogram) are to have a low catalyst loading and high monomer 
concentration. 
3.3.1.2 Influence of solvent on the polymerisation 
Although the optimised conditions in THF produced moderate yields of high molar mass 
material we wanted to explore different solvents to probe whether any further improvements 
to the polymerisation could be made. 1,4-Dioxane, a coordinating solvent which is 
significantly less polar than THF, and 2-methyl-THF, a solvent similar in polarity but less 
coordinating than THF, were investigated. When conditions analogous to run 1 were used 
(1 mol% cat., 1 M, 70 °C, 72 h) in 1,4-dioxane only 80% of monomer was consumed. Over 
100 h of heating was required for the conversion to reach over 90% (run 10). Increasing the 
temperature to 100 °C, possible due to the higher boiling point of the solvent, allowed for full 
conversion within 24 h (run 11). Unlike when the polymerisation is carried out in THF at 70 °C, 
heating the reaction mixture beyond full conversion resulted in an increase in both the molar 
mass and yield of the isolated material, indicating polymerisation at 100 °C continues after 
consumption of the monomer (run 12). When the reaction was carried out in 2-methyl-THF 
using conditions analogous to run 1 (1 mol% cat., 1 M, 70 °C, 72 h) 11B NMR spectroscopy 
indicated that 100% conversion of PPhH2·BH3 was achieved (run 13). The relative rate of 
dehydropolymerisation was similar to when the reaction is carried out in THF as the 
conversions after 24 h and 48 h were comparable, 81 vs 90% and 88 vs 95% for 2-methyl-THF 




A comparison of the 31P{1H} NMR spectra of the reaction mixtures of the polymerisations in 
THF, 1,4-dioxane and 2-methyl-THF (70 °C, 1 M) showed a greater proportion of oligomeric 
material is formed in 1,4-dioxane relative to the more polar solvents (Figure 3.1). GPC analysis 
on the isolated material showed a bimodal distribution for all solvents; however, the relative 
peak area was more skewed towards the lower molar mass fraction in 1,4-dioxane and 
2-methyl-THF (Figure 3.2) . Additionally, for the reactions carried out in 1,4-dioxane there is a 
significant shoulder present on the high molar mass GPC peak (Figure S3.17). The 31P NMR 
spectrum of the material isolated from the reaction in 2-methyl-THF showed a small shoulder 
upfield of the main polymer peak (Figure S3.20) and the doublet which corresponds to the 
PH proton in the 1H NMR spectrum is slightly less well-defined than in the THF polymerisations 
(Figure S3.19). This is potentially due to chain branching occurring as a result of the longer 
reaction time, higher temperature, or less coordinating solvent used. 
These results indicate that the combination of polarity and coordinating ability of the solvent 
are important, both for the formation of a greater quantity of polymeric material in the 
reaction mixture, and also for increasing the ratio of the higher molar mass fraction of the 
isolated material. 
 
Figure 3.1 31P{1H} NMR spectra (122 MHz, 25 °C) of the reaction mixtures for runs 1, 10 and 13 (Table 3.1) 






Figure 3.2 GPC chromatograms of isolated [PhHP–BH2]n from for runs 1, 10 and 13 (Table 3.1) (*below 
calibration region). 
3.3.1.3 Influence of air on the polymerisation  
The effect of carrying out the polymerisation under ambient conditions, rather than an inert 
atmosphere, were probed (run 14). After setting up the reaction in THF under nitrogen it was 
opened to air for 15 min before the system was resealed and heated to 70 °C. Full 
consumption of PhPH2·BH3 was observed after 38 h using 11B NMR spectroscopy, almost twice 
as fast as under inert conditions. It is likely that rather than the catalysis occurring faster when 
exposed to air, the monomer is involved in a parallel side reaction alongside the 
dehydrogenation. Evidence for this comes in the form of additional peaks in the 31P NMR 
spectrum (δP = -35 to 0 ppm) (Figure S3.22) and that the isolated yield was lower than the 
analogous reaction under an inert atmosphere (33% vs 49%). GPC analysis on the isolated 
material confirmed polymeric material was formed (Mn = 27,800; Ð = 1.56) (Figure S3.23), 
albeit with a larger proportion of the lower molar mass fraction, and 11B and 31P NMR data 
matched that of [PhHP–BH2]n.  
A control reaction that involved heating PhPH2·BH3 in THF at 70 °C in the absence of 
precatalyst, after opening the reaction to air for 15 min prior to heating, showed an identical 
31P NMR spectrum to when PhPH2·BH3 was heated under inert conditions (run 9). From this 
we conclude that the additional 31P NMR signals observed when the catalysis is carried out 





3.3.1.4 Polymerisation under scaled up and optimised conditions 
To demonstrate the scalability of the dehydropolymerisation a larger scale reaction using the 
optimised conditions (1 mol% cat., 4 M, 70 °C, 72 h) was carried out (run 15). As with the 
smaller scale reactions three main peaks were observed in the 31P NMR spectra of the reaction 
mixture (δP = -49.6 ppm, -52.9 ppm and -56.4 ppm) along with a major broad peak in the 
corresponding 11B NMR spectra (δB = -36.4 ppm) (Figure S3.24 and Figure S3.25). The peak at 
δP = -49.6 ppm has previously been identified as polymeric [PhHP–BH2]n and the peaks at 
δP =  -52.9 ppm and  δP = -56.4 ppm have been attributed to low molecular weight oligomers; 
however, no structural characterisation has been reported.64 Precipitation into hexanes 
allowed for isolation of [PhHP–BH2]n in a 53% yield. GPC analysis on the precipitate confirmed 
the presence of high molar mass material (Mn = 25,400 Da; Ð = 2.00) with an almost 
monomodal distribution. GPC analysis was also carried out on the supernatant and the 
absence of any high molar mass peaks indicated no polymeric material was lost into the 
supernatant through the precipitation process (Figure 3.3). ESI-MS analysis confirmed the 
presence of the anticipated monomer repeat unit [PhHP–BH2] (m/z = 122) and showed two 
main distributions, one of which was identified as a linear system with a PPhH2 end group 
(Figure S3.28).  
 
Figure 3.3 GPC chromatogram of both the precipitate and supernatant of run 15 (Table 3.1).  
We were interested in attempting to isolate and characterise the oligomeric material which 
was removed through precipitation. Our strategy for this was to carry out the reaction using 
conditions which disfavour the formation of polymeric material (1,4-dioxane and low 




grown from a concentrated THF solution of the material retrieved from the supernatant 
layered with hexamethyldisiloxane (HMDSO) at 22 °C. The structure of the 6-membered ring 
[PhHP–BH2]3 (3.1) was conclusively determined using X-ray crystallography (Figure 3.4). The 
ring adopts the cis,cis,trans-chair conformation with P–B bond lengths ranging from 
1.932(2) Å to 1.944(3) Å, with an average distance of 1.938(3) Å. The B–P–B and P–B–P bond 
angles are in the range 115.6(1) – 117.1(1)° (av. 116.4(1)°) and 108.0(1) – 111.1(1)° 
(av. 109.3(1)°), respectively. The structure can be compared to the previously reported 
P-disubstituted 6-membered ring, [Ph2P–BH2]3.76 This species also adopts the chair 
conformation in the solid state and has an average P–B bond length (1.948(4) Å) that is within 
three ESDs of the monosubstituted ring. The P-disubstituted ring has a wider average P–B–P 
angle (112.6(2)°) and a narrower average B–P–B angle (114.3(2)°) than [PhHP–BH2]3. 
The 31P and 11B NMR spectra of 3.1  in CDCl3 showed a broad doublet at δP = -52.5 ppm 
(2JPH = 353 Hz) and a broad signal at δB = -35.8 ppm, respectively, and the ESI mass spectrum 
showed a peak with m/z = 365.1 which corresponds to the [M – H]+  ion. The 31P NMR signal 
corresponds to the most downfield oligomeric material observed in the 31P NMR spectrum of 
the polymerisation reaction  mixture (Figure S3.25)  and work is ongoing to isolate and 
structurally characterise other oligomeric materials formed as a side product of the 
polymerisation (δP = -56.4 ppm). 
 
Figure 3.4 Thermal ellipsoid plot of [PhHP–BH2]3 (3.1).  Ellipsoids are shown at the 30% probability level. H 




The reaction of isolated 3.1 with Ni(COD)2 has been probed to investigate whether further 
dehydrogenation or dehydrocoupling occurs. No reaction was observed with 30 mol% 
Ni(COD)2 (THF, 70 °C, 72 h). 
3.3.2 Investigation into the polymerisation mechanism 
3.3.2.1 Molar mass dependence on conversion  
Polymer growth kinetics of the Ni(COD)2-catalysed dehydropolymerisation of PPhH2·BH3 were 
measured (1 mol% cat., 1 M, 70 °C, THF). It was determined that within 24 h, ca. 90% of the 
starting monomer is consumed with continued conversion until 48 h, beyond which there is 
negligible further conversion (Figure S3.34). GPC analysis was carried out on regular aliquots 
of the reaction mixture (from 22 – 100% conversion) and showed negligible high molar mass 
material until ca. 70% conversion of the monomer, and a steady increase in Mn from 70 - 100% 
conversion (25,100 Da to 31,000 Da) with a more significant increase in Mw (31,000 Da 
to 52,000 Da) indicative of a broadening of the molar mass distribution (Figure S3.38 and 
Figure 3.5). Heating the reaction mixture beyond 100% conversion resulted in no significant 
increase in molar mass under the conditions used (70 °C, THF)  (Figure S3.38). 
 
Figure 3.5 Plot of conversion vs Mn and Mw  (1 mol% cat., 1 M, 70 °C, THF). No data below ca. 70% conversion 
as not possible to integrate the GPC trace. 
Analysis of the reaction aliquots using 11B and 31P NMR spectroscopy showed a broadening of the 
polymer signals as conversion increases (Figure S3.35 and Figure S3.36). This is representative of 
higher molar mass material being formed later in the reaction, supporting the GPC analysis. 
3.3.2.2 Effect of additional monomer 
The addition of one further equiv. of PhPH2·BH3 to a polymerisation reaction mixture 
(1 mol% cat., 1 M, 70 °C, THF) after initial full monomer consumption had occurred resulted 




(Figure S3.40). This indicated that the catalytic species remaining at the end of the 
dehydropolymerisation was still active for catalysis, albeit it with a decrease in activity. There 
was no significant change in the molar mass of the isolated material after the consumption of 
an additional equivalent of monomer, indicating that the polymerisation was not living (Figure 
S3.39). 
3.3.2.3 Effect of reacting oligomeric material with Ni(COD)2 
We investigated whether there was any further dehydrocoupling that occurred when the 
oligomeric material that was isolated from the supernatant of the polymerisation was heated 
with additional Ni(COD)2 (1 mol% cat., 1 M, 70 °C, 72 h, THF). The 31P and 11B NMR spectra of 
the material before and after heating were identical and GPC analysis showed no high molar 
mass material had been formed from the oligomers; however, it should be noted that if all of 
the material in the supernatant is comprised entirely of cyclic species this would affect the 
propensity for dehydrocoupling between oligomers to produce linear, high molar mass 
material. 
3.3.2.4 Evidence for a homogeneous vs heterogeneous mechanism 
Several tests to probe whether the active species in the reaction was homogeneous or 
heterogeneous have been carried out.77,78 Adding PPh3 to the reaction mixture did not inhibit 
the polymerisation (Figure S3.41). If the active species was heterogeneous, the addition of 
PPh3 should completely poison the system as only a fraction of the metal atoms will be on the 
surface. Another common test into whether a catalyst is heterogenous of homogeneous 
involves mercury poisoning. Upon addition of excess mercury (60 equiv. per metal atom) to 
the Ni(COD)2 system no suppression in activity was observed (Figure S3.42). This was 
indicative of a homogenous system as mercury would be expected to form an amalgam with 
a heterogeneous nickel catalyst and inhibit the activity.79 Filtration of the reaction mixture 
through a 200 nm PTFE membrane also led to no significant decrease in catalyst activity 
(Figure S3.43), although it should be noted that the relative size of the filter vs the size of any 
nanoparticles can provide misleading results with this test. No evidence of nanoparticles was 
observed when TEM images of the reaction mixture were collected. 
The UV-vis spectrum of the reaction mixture has a peak at ca. 310 nm, which is similar to what 
has been reported for the surface plasmon resonance of nickel nanoparticles.80 While it is 




be observed in the TEM images. The peak at 310 nm is likely due to the presence of another 
species in the reaction mixture which absorbs at a similar wavelength. 
When PhPH2·BH3 was reacted with nickel nanoparticles (THF, 70 °C, 72 h) 30% conversion of 
the monomer was observed using 11B NMR spectroscopy. This was directly comparable to the 
conversion of the control reaction of heating PPhH2·BH3 with no catalyst (Figure S3.10). 
Furthermore, the addition of dimethylamine-borane, Me2NH·BH3, a substrate reported to 
undergo dehydrogenation with Ni nanoparticles under mild conditions,81 to the reaction 
mixture after consumption of PhPH2·BH3 showed no evidence of conversion of Me2NH·BH3, 
even upon heating to 70 °C for 20 h (Figure S3.45). The combination of the results from these 
experiments clearly points towards the active species in the catalytic reaction being 
homogeneous.  
3.3.2.5 Postulated polymerisation mechanism 
From the above experimental data we propose a chain-growth, homogeneous process for the 
dehydropolymerisation of PhPH2·BH3 using Ni(COD)2. The lack of any suppression of activity 
upon the addition of either PPh3 or Hg strongly supports a homogeneous process. The 
observation of high molar mass material at moderate conversion (70%) is strong evidence for 
a chain-growth mechanism, and the increase in PDI beyond 70% conversion can be attributed 
to a very small degree of chain branching occurring  in addition to linear growth (Figure S3.38). 
The absence of any increase in molar mass beyond 100% conversion, combined with the 
observation that isolated oligomeric material is not converted into polymer when heated with 
Ni(COD)2, further suggests the operation of a chain-growth as opposed to step-growth 
polycondensation process.  
Chain-growth processes often have an inverse relationship on molar mass and catalyst 
loading;53 however, in our system the molar mass of the high molar mass fraction appears to 
be relatively insensitive to catalyst loading using GPC analysis (Table 3.1). This can be 
explained by considering the observation that when additional PhPH2·BH3 is added to a 
polymerisation mixture which has reached full conversion, and the reaction heated until full 
consumption of the extra monomer is detected, there is no increase in the molar mass of the 
isolated material when compared to that of the material isolated after the consumption of 
the first monomer (Figure S3.39). This suggests that the chain termination and possibly chain 




controlled by the catalyst loading. We suspect that the bimodal appearance of the GPC traces 
stems from termination events that are dependent on the presence of nickel as the molar 
mass distribution is significantly shifted towards the lower molar mass fraction at higher 
catalyst loadings (Figure S3.7). Furthermore, the GPC trace of the material isolated from the 
catalyst-free reaction is monomodal (Figure S3.15). 
Attempts to isolate the active species through carrying out stoichiometric reactions have 
been unsuccessful. This is an area in which further work can be carried out. 
3.3.3 Expansion of the substrate scope 
In an attempt to demonstrate the versatility of Ni(COD)2 for the dehydropolymerisation of 
phosphine-boranes, its activity towards the P-alkyl substituted derivative nHexPH2·BH3 was 
investigated (Scheme 3.2a). Using the optimised conditions for PhPH2·BH3 
(1 mol% cat., 4 M, 70 °C, THF) conversion of nHexPH2·BH3 was significantly slower, 84% in 
14 days as determined by 11B NMR spectroscopy. After precipitation into H2O:isopropanol 
(1:1) only a trace of high molar mass material was observed in the GPC chromatogram (Figure 
S3.46). Increasing the catalyst loading to 2.5% allowed for 90% conversion over 5 days and a 
greater quantity of high molar mass material was produced as determined by GPC analysis. 
There was, however, a very broad molar mass distribution which ranged from ca. 5,000 – 
120,000 Da (Figure S3.47) which is suggestive of chain branching. The identity of the material 
was confirmed by a comparison of the 11B and 31P NMR shifts to literature values66 and ESI-
MS showed the anticipated monomer repeat unit (m/z = 130); however, the yield after 
precipitation was only 18%.  
 




The activity of Ni(COD)2 towards the P-disubstituted phosphine-boranes PhEtH·BH3 and 
Ph2PH·BH3 were also investigated using the optimised conditions for PhPH2·BH3 
(1 mol% cat., 4 M, 70 °C, THF) (Scheme 3.2b and c). These substrates were chosen as thus far 
metal-catalysed dehydropolymerisation of P-disubstituted phosphine-borane monomers has 
been unsuccessful; however, high molar mass material [RPhP–BH2]n (R = Ph or Et) has recently 
been reported using CAACs as stoichiometric hydrogen acceptors.73 We therefore attempted 
to access these novel P-disubstituted polymers using catalytic quantities of Ni(COD)2. 
Full consumption of Ph2PH·BH3 was achieved after 5 days as determined using 11B NMR 
spectroscopy. Formation of the linear dimer Ph2PH·BH2–PPh2·BH3 (69%) (δB = -32.9 ppm (br) 
and -36.7 ppm (br); δP = -4.5 ppm (d) and -17.7 ppm) was confirmed by a comparison of the 
11B and 31P NMR shifts with literature values. From integration of the NMR data a second 
species is detected (31%) which has 11B and 31P chemical shifts (δB = -32.9 ppm; δP = -17.7 ppm) 
coincidental with either small cyclics [Ph2P–BH2]3/4 or [Ph2P–BH2]n.64 ESI-MS confirms the 
presence of Ph2PH·BH2–PPh2·BH3, [Ph2P–BH2]3 and [Ph2P–BH2]4 with no evidence of any higher 
molar mass material.  
With PhEtPH·BH3 full consumption of the monomer was detected after 48 h by 11B NMR 
spectroscopy. Two peaks were observed in both the 11B and 31P NMR spectra (δB = -35.2 ppm 
(br) and -39.2 ppm (m); δP = -2.0 ppm (d) and -21.8 ppm (br)) (Figure S3.56 and Figure S3.57). 
A combination of the NMR data and ESI-MS analysis (Figure S3.58a) led us to identify the 
major product as the linear dimer PhEtPH·BH2–PPhEt·BH3 (61%). As with the case of the 
diphenyl derivative, integration of the NMR spectra indicated that a further species is present 
(δB = -35.2 ppm; δP = -21.8 ppm). The observation of monomer repeat units (m/z = 150, n = 9)  
in the ESI-MS (Figure S3.58b) leads us to identify this additional species as oligomeric material, 
[PhEtP–BH2]x.  
The GPC chromatograms of the material formed from Ph2PH·BH3 and PhEtPH·BH3 both display 
a series of peaks with retention times that correspond to oligomeric or polymeric material 
(Mn = 1,300 – 11,300 Da for Ph2PH·BH3 and Mn = 6,700 – 26,300 Da for PhEtPH·BH3) with low 
dispersity  (Ð = 1.02-1.06) (Figure S3.55 and Figure S3.59); however, these peaks represent 
only a small proportion of the isolated material. This observation, combined with the lack of 




ESI-MS spectra, indicates that further work needs to be undertaken in order to determine 
whether the peaks truly correspond to polymeric material. 
3.4 Conclusions 
In summary Ni(COD)2 acts as a precatalyst for the dehydropolymerisation of PhPH2·BH3 to 
produce high molar mass [PhHP–BH2]n under relatively mild conditions. The six-membered 
ring [PhHP–BH2]3 (3.1) has been isolated from the polymerisation by-products and structurally 
characterised. It will be interesting to probe further reactivity of this species, an example 
being its propensity to undergo a ring-opening polymerisation reaction. 
The mechanism of the Ni(COD)2-catalysed dehydropolymerisation is postulated to involve  a 
homogeneous chain-growth process, with evidence coming from molar mass vs conversion 
studies and poisoning experiments. The Ni precatalyst has also proved active for the 
dehydropolymerisation of the P-alkyl substituted phosphine-borane nHexPH2·BH3.  With the 
disubstituted derivatives Ph2PH·BH3 and PhEtPH·BH3, the linear dimers PPhRH·BH2–PPhR·BH3 
(R = Ph or Et) are the major products. 
3.5 Supporting Information  
3.5.1 General procedures, reagents and equipment 
All manipulations were carried out either under an atmosphere of nitrogen gas using standard 
vacuum line and Schlenk techniques, or under an atmosphere of nitrogen within an M. Braun 
glovebox MB200-B maintained at < 0.1 ppm of H2O and < 0.1 ppm of O2. 2-methyl-THF was 
distilled over sodium-benzophenone ketyl prior to used and 1,4-dioxane was dried over 
molecular sieves (4 Å) and degassed with 3 freeze-pump thaw cycles prior to use. 
Tetrahydrofuran (THF) and hexane were dried via a Grubbs design solvent purification system.82 
Hexamethyldisiloxane (HMDSO) was purchased from Sigma Aldrich and used as received.  
Deuterated solvents (benzene-d6 and chloroform-d) were purchased from Sigma Aldrich and 
vacuum distilled from, sodium-benzophenone or CaH2 respectively and stored over molecular 
sieves (4 Å). NMR spectra were recorded using Bruker 300 MHz, Bruker 360 MHz and 
Bruker 500 MHz NMR spectrometers. 1H NMR spectra were calibrated using the residual 
protio signal of the solvent: (δ (ppm) 1H(CDCl3) = 7.24 and 1H (C6D6) = 7.16). 13C NMR spectra 




31P NMR spectra were calibrated against external standards (31P: 85% H3PO4 (aq) (δ 31P = 0.0); 
11B: BF3·OEt2 (δ 11B = 0.0)). 
PhPH2·BH3,83 nHexPH2·BH3,66 Ph2PH·BH384 and PhEtPH·BH385 were prepared according to 
literature procedures. Ni(COD)2, PPh3, Ni nanoparticles (< 100 nm) and Me2NH·BH3 were 
purchased from Sigma Aldrich and used as received except Me2NH·BH3 which was sublimed 
prior to use. 
GPC was performed on a Malvern RI max Gel Permeation Chromatograph, equipped with an 
automatic sampler, a pump, an injector, and inline degasser. The columns (1 x T5000 and 
1 x T3000) were contained within an oven (35 °C) and consisted of styrene/divinyl benzene 
gels. Sample elution was detected by means of a differential refractometer. THF (Fisher), 
containing 0.1 wt.% [nBu4N]Br, was used as the eluent at a flow rate of 1 mL min-1. Samples 
were dissolved in the eluent (2 mg mL-1) and filtered through a poly(tetrafluoroethylene) 
membrane of 200 nm pore size before analysis. The calibration was conducted using 
monodisperse polystyrene standards obtained from Aldrich. The lowest and highest 
molecular weight standards used were 1,200 Da and 4,200,000 Da respectively.  
Electrospray ionisation mass spectrometry was performed using a MSQ Plus single 
quadrupole mass spectrometer (Thermo, MA).  The instrument assembly includes a 515 HPLC 
pump (Waters, MA) with a flow rate set to 0.2 mL min-1. A 50:50 solvent mixture was used 
comprising of Mili-Q™ water (Millipore, ON) and Optima™ Methanol (Fisher Chemical, NH). 
200 uL of sample was injected using a manual injector (Rheodyne 7725i, IDEX, CA) in direct 
infusion mode.  Mass spectrometer parameters include cone voltage set to 75 V, mass range 
set to 50-2000 m/z and scan time 1 second.  
UV-Vis was carried out on an Agilent 8453 UV−visible spectrophotometer. 
3.5.2 General procedure for Ni(COD)2-catalysed dehydropolymerisation of PhPH2·BH3 
PhPH2·BH3 (50 mg, 0.40 mmol) and Ni(COD)2 (quantities shown in Table S3.1)  were dissolved 
in solvent (volume and identity of solvent shown in Table S3.1) in a J. Young NMR tube and 
heated using an oil bath (temperature and time shown in Table S3.1). 31P and 11B NMR data 
was obtained on the reaction mixture prior to precipitation into cold (-40 °C) hexanes. The 
solution was centrifuged for 5 min at 4,000 RPM, the supernatant decanted, and the 






















1 1 0.004 1 1 THF 400 70 72 49 
2 1 0.004 1 2 THF 200 70 72 55 
3 1 0.004 1 4 THF 100 70 72 53 
4 2.5 0.010 3 1 THF 400 70 72 41 
5 5 0.020 6 1 THF 400 70 72 47 
6 1 0.004 1 1 THF 400 50 195 33 
7 1 0.004 1 1 THF 400 60 195 24 
8 0 0 0 1 THF 400 70 72 2 
9 0 0 0 1 THF 400 70 624 27 
10 1 0.004 1 1 1,4-dioxane 400 70 110 37 
11 1 0.004 1 1 1,4-dioxane 400 100 24 39 
12 1 0.004 1 1 1,4-dioxane 400 100 72 49 
13 1 0.004 1 1 2-methyl-THF 400 70 72 40 
aConcentration of PhPH2BH3; bisolated yield. 
3.5.2.1 Concentration dependence 
 
Figure S3.1 11B{1H} NMR spectra (96 MHz, 298 K, THF) of the reaction mixture for runs 1-3 (Table S3.1) 
(*unreacted PhPH2·BH3, #unidentified impurity).  
 
Figure S3.2 31P{1H} NMR spectra (122 MHz, 298 K, THF) of the reaction mixture for runs 1-3 (Table S3.1) 






Figure S3.3 GPC chromatogram of isolated [PhHP–BH2]n from for runs 1-3 (Table S3.1). 2 mg mL-1 in THF with 
0.1 w/w% nBu4NBr in the THF eluent (*below calibration region). 
3.5.2.2 Catalyst loading dependence 
 
Figure S3.4 Plot of conversion vs time for runs 1, 4, 5 and 9 (Table S3.1). Conversion determined using relative 





Figure S3.5 11B{1H} NMR spectra (96 MHz, 298 K, THF) of the reaction mixture for runs 1, 4 and 5 (Table S3.1) 
(*unreacted PhPH2·BH3, #unidentified impurity). 
 
Figure S3.6 31P{1H} NMR spectra (122 MHz, 298 K, THF) of the reaction mixture for runs 1, 4 and 5 (Table S3.1) 
(*PPhH2, #oligomeric material). 
 
 
Figure S3.7 GPC chromatogram of isolated [PhHP–BH2]n from for runs 1, 4 and 5 (Table S3.1). 2 mg mL-1 in THF 




3.5.2.3 Temperature dependence 
 
Figure S3.8 Plot of conversion vs time for runs 1, 6 and 7 (Table S3.1). Conversion determined using relative 
integrals of 11B NMR spectra.  
 
Figure S3.9 GPC chromatogram of isolated [PhHP–BH2]n from for runs 1, 6 and 7 (Table S3.1). 2 mg mL-1 in THF 




3.5.2.4 Control reaction with no catalyst  
 
Figure S3.10 Plot of conversion vs time for run 9 (Table S3.1). Conversion determined using relative integrals of 
11B NMR spectra. 
 
Figure S3.11 11B{1H} NMR spectra (96 MHz, 298 K, THF) of the reaction mixture for runs 1, 8 and 9 (Table S3.1) 





Figure S3.12 31P{1H} NMR spectra (122 MHz, 298 K, THF) of the reaction mixture for runs 1, 8 and 9 (Table S3.1) 
(*PPhH2, #oligomeric material). 
 
 
Figure S3.13 1H NMR spectrum (500 MHz, 298 K, CDCl3)  of [PhHP–BH2]n (run 9) (^denotes residual partially 
protiated CDCl3). 
 






Figure S3.15 GPC chromatogram of isolated [PhHP–BH2]n from for run 9 (Table S3.1). 2 mg mL-1 in THF with 0.1 
w/w% nBu4NBr in the THF eluent.  
3.5.2.5 Solvent dependence 
1,4-Dioxane 
 
Figure S3.16 31P{1H} NMR spectra (122 MHz, 298 K, 1,4-dioxane) of the reaction mixture for runs 10, 11 and 12 





Figure S3.17 GPC chromatogram of isolated [PhHP–BH2]n from for runs 1, 10, 11 and 12 (Table S3.1). 2 mg mL-1 




Figure S3.18  31P{1H} NMR spectra (122 MHz, 298 K, 2-methyl-THF) of the reaction mixture for run 13 (Table 





Figure S3.19 1H NMR spectrum (500 MHz, 298 K, CDCl3)  of [PhHP–BH2]n (run 13) (^denotes residual partially 
protiated CDCl3, * hexanes). 
 
Figure S3.20 31P NMR spectrum (96 MHz, 298 K, CDCl3) of [PhHP–BH2]n (run 13). (*shoulder to [PhHP–BH2]n 
potentially due to chain branching). 
 
Figure S3.21 GPC chromatogram of isolated [PhHP–BH2]n from for runs 1 and 13 (Table S3.1). 2 mg mL-1 in THF 




3.5.3 Carrying out polymerisation in air 
PhPH2·BH3 (50 mg, 0.40 mmol) and Ni(COD)2 (1 mg, 0.004 mmol)  were dissolved in THF 
(400 μL) in a J. Young NMR tube. The reaction was opened to air for 15 min prior to resealing 
and heating to 70 °C for 38 h. 31P and 11B NMR data was obtained on the reaction mixture 
prior to precipitation into cold (-40 °C) hexanes (20 mL). The solution was centrifuged for 
5 min at 4,000 RPM, the supernatant decanted, and the precipitate dried in vacuo for 48 h to 
give the isolated product as a pale yellow solid. Yield = 16 mg (33%) 
 
Figure S3.22 31P{1H} NMR spectrum (122 MHz, 298 K, THF) of the reaction mixture for run 14 (Table 3.1) 
(*PPhH2, #oligomeric material, ~unidentified impurity, presumably from some decomposition occurring in air). 
 
Figure S3.23 GPC chromatogram of isolated [PhHP–BH2]n from for runs 1 and 14 (Table 3.1). 2 mg mL-1 in THF 
with 0.1 w/w% nBu4NBr in the THF eluent (*below calibration region). 
3.5.4 Scaled up optimised conditions 
PhPH2·BH3 (200 mg, 1.61 mmol) and Ni(COD)2 (4 mg, 0.02 mmol) were dissolved in THF 
(400 μL) in a J. Young Schlenk before heating at 70 °C for 72 h. The reaction mixture was 
precipitated into cold (-40 °C) hexanes (3 x 20 mL). The solution was centrifuged for 5 min at 
4,000 RPM, the supernatant decanted, and the precipitate dried in vacuo for 48 h to give the 
isolated product as a pale yellow solid. NMR data matched that of previously reported [PhHP–





Figure S3.24  11B{1H} NMR spectra (96 MHz, 298 K, THF) of the a polymerisation reaction mixture; 
b supernatant; and c precipitate for run 15 (Table 3.1) (#unidentified impurity). 
 
 
Figure S3.25 31P{1H} NMR spectra (96 MHz, 298 K, THF) of the a polymerisation reaction mixture; 





Figure S3.26 1H NMR spectrum (500 MHz, 298 K, CDCl3)  of [PhHP–BH2]n (run 15) (^denotes residual partially 
protiated CDCl3, * hexanes). 
  
Figure S3.27 31P NMR spectrum (96 MHz, 298 K, CDCl3) of [PhHP–BH2]n (run 15). 
 
 
Figure S3.28 ESI(+)-MS spectrum of isolated [PhHP–BH2]n (m/z = 122) from run 15 (Table 3.1 ) The species 
highlighted in yellow is a linear system with a PPhH2 end group (H-[PhHP–BH2]n-PPhH2)+ and the species 





3.5.5 Isolation of [PhHP–BH2]3 (3.1) 
PhPH2·BH3 (250 mg, 2.00 mmol) and Ni(COD)2 (14 mg, 0.051 mmol) were dissolved in dioxane 
(8 mL) in a J. Young Schlenk. The reaction was heated to 100 °C for 24 h prior to precipitation 
into cold (-40 °C) hexanes (100 mL). The supernatant was decanted and the solvent removed 
in vacuo to leave a pale yellow oily solid. Single yellow crystals suitable for X-ray diffraction 
were grown from a THF solution layered with HMDSO at 22 °C. Yield = 17 mg (7%). EI-MS: 
expected 366.1370, actual 365.0989 ([PhHP–BH2]3 – H+). 
1H NMR (500 MHz, 25 °C, CDCl3): δ = 7.76 (m, 15H, Ar), 4.92 (dt, 2JHP = 348 Hz, 3JHH = 13.9 Hz 
3H, PH), 2.40-0.95 (m, br, 6H, BH). 
11B NMR (96 MHz, 25 °C, CDCl3): δ = -35.8 (br). 
31P NMR (122 MHz, 25 °C, CDCl3): δ = -52.5 (d, 2JPH = 353 Hz). 
13C NMR (101 MHz, 25 °C, CDCl3): δ = 132.8 (Aro), 130.2 (Arm), 128.7(Arp) (Ari not observed). 
 
Figure S3.29 1H NMR spectrum (500 MHz, 298 K, CDCl3)  of 3.1 (^denotes residual partially protiated CDCl3, 
~THF, #hexanes, *HMDSO). 
 





Figure S3.31 31P{1H} (left) and 31P (right)  NMR spectra (122 MHz, 298 K, CDCl3) of 3.1. 
 
Figure S3.32 13C NMR spectra (101 MHz, 298 K, CDCl3) of 3.1. 
 




3.5.6 Reaction of [PhHP–BH2]3 with Ni(COD)2 
[PhHP–BH2]3 (15 mg, 0.040 mmol) and Ni(COD)2 (3 mg, 0.01 mmol) were dissolved in THF 
(400 μL) in a J. Young NMR tube before heating to 70 °C for 72 h. No conversion to new species 
was detected using 11B or 31P NMR spectroscopy. 
3.5.7 Polymer growth kinetics 
PhPH2·BH3 (200 mg, 1.61 mmol) and Ni(COD)2 (4 mg, 0.02 mmol) were dissolved in THF 
(1.6 mL) in a J. Young Schlenk before heating to 70 °C. Regular aliquots were taken from the 
reaction mixture over 144 h and filtered through a silica plug prior to GPC analysis. A separate 
reaction was set up in a J. Young NMR tube (PhPH2·BH3  (50 mg, 0.40 mmol), Ni(COD)2 (1 mg, 
0.004 mmol, THF 400 μL)  with a B(OiPr)3 capillary to allow a conversion vs time plot to be 
made. 
 
Figure S3.34 Plot of conversion vs time for polymerisation of PhPH2·BH3 using Ni(COD)2.  
 
Figure S3.35 11B{1H} NMR spectra (96 MHz, 298 K, CDCl3) over time of reaction mixture for polymerisation of 






Figure S3.36 31P{1H} NMR (122 MHz, 298 K, CDCl3)  over time of reaction mixture for polymerisation of 
PhPH2·BH3 using Ni(COD)2 (~PhPH2·BH3, #oligomeric material, *PPhH2). 
 
Figure S3.37 Colour over time of reaction mixture for polymerisation of PhPH2·BH3 using Ni(COD)2. 
 
Figure S3.38 GPC chromatograms of the reaction mixture for polymerisation of PhPH2·BH3 using Ni(COD)2 over 




3.5.8 Addition of more monomer after 100% conversion 
PhPH2·BH3 (50 mg, 0.40 mmol) and Ni(COD)2 (1mg, 0.004 mmol) were dissolved in THF 
(400 μL) in a J. Young NMR tube before heating to 70 °C for 72 h. Half of the reaction mixture 
was precipitated into cold (-40 °C) hexanes (20 mL) and after centrifuging for 5 min at 
4,000 RPM the supernatant was decanted and the precipitate dried in vacuo for 48 h and 
isolated as a pale yellow solid. 
To the other half additional PhPH2·BH3 (25 mg, 0.20 mmol) was added and the reaction heated 
to 70 °C for a further 72 h before precipitation into cold (-40 °C) hexanes (20 mL). The solution 
was centrifuged for 5 min at 4,000 RPM, the supernatant decanted, and the precipitate dried 
in vacuo for 48 h to give the isolated product as a pale yellow solid. GPC analysis was obtained 
on both precipitated samples. 
 
Figure S3.39 GPC chromatograms of [PhHP–BH2]n before and after addition of extra PhPH2·BH3 after 100% 





Figure S3.40 Plot of conversion vs time for first and second equiv. of PhPH2·BH3. Conversion determined using 
relative integrals of 11B NMR spectra. 
3.5.9 Reaction of oligomeric material with Ni(COD)2 
PhPH2·BH3 (125 mg, 1.01 mmol) and Ni(COD)2 (7 mg, 0.02 mmol) were dissolved in THF (2 mL) 
in a J. Young Schlenk before heating to 70 °C for 72 h. The reaction mixture was filtered 
through a plug of silica prior to precipitation into cold (-40 °C) hexanes (100 mL). After 
centrifuging for 5 min at 4,000 RPM the supernatant was decanted and the solvent removed. 
The supernatant was dried in vacuo to leave a pale yellow oily solid. GPC analysis showed no 
high molar mass material. 
Isolated oligomeric material (50 mg, 0.04 mmol) and Ni(COD)2 (1 mg, 0.004 mmol) were 
dissolved in THF (400 μL) in a J. Young NMR tube and heated to 70 °C for 72 h. The reaction 
mixture was filtered through a plug of silica and dried in vacuo to leave a pale yellow oily solid. 
11B and 31P NMR spectra were identical to the initially isolated oligomeric material and GPC 
analysis again showed the presence of no high molar mass material.  
3.5.10 Homogenous vs heterogenous tests 
3.5.10.1 PPh3 poisoning 
PhPH2·BH3 (50 mg, 0.40 mmol) and Ni(COD)2 (1mg, 0.004 mmol) were dissolved in THF 
(400 μL) in a J. Young NMR tube before heating to 70 °C for 15 min. PPh3 (0.200 M in THF, 
20 μL, 0.004 mmol) was then added and 11B NMR spectroscopy was used to monitor the 





Figure S3.41 Plot of conversion vs time for PPh3 poisoning experiment and control reaction. Conversion 
determined using relative integrals of 11B NMR spectra. 
3.5.10.2 Hg poisoning 
PhPH2·BH3 (50 mg, 0.40 mmol) and Ni(COD)2 (1 mg, 0.004 mmol) were dissolved in THF 
(400 μL) in a J. Young NMR tube before heating to 70 °C for 15 min. Mercury (50 mg, 
0.25 mmol) was then added and 11B NMR spectroscopy was used to monitor the consumption 
of PhPH2·BH3 over 31 h. 
 
Figure S3.42 Plot of conversion vs time for Hg poisoning experiment and control reaction. Conversion 




3.5.10.3 Filtration  
Two sets of PhPH2·BH3 (50 mg, 0.40 mmol) and Ni(COD)2 (1 mg, 0.004 mmol) were dissolved 
in THF (400 μL) in separate J. Young NMR tubes. One was filtered through a 200 nm PTFE 
membrane filter prior to heating and the other was filtered after heating to 70 °C for 15 min. 
11B NMR spectroscopy was used to monitor the consumption of PhPH2·BH3 over 57 h. 
 
Figure S3.43 Plot of conversion vs time for filtration experiments and a control with no filtration. Conversion 
determined using relative integrals of 11B NMR spectra. 
3.5.10.4 UV-Vis 
UV-Vis spectra were taken of a polymerisation reaction prior to work up and of isolated 
[PhHP–BH2]n. The crude reaction has two peaks and the peak at ca. 250 nm can be assigned 
as [PhHP–BH2]n.  
 




3.5.10.5 Reaction of PPhH2·BH3 with nickel nanoparticles 
PhPH2·BH3 (50 mg, 0.40 mmol) and nickel nanoparticles (< 100 nm) (1 mg) were dissolved in 
THF (400 μL) in a J. Young NMR tube and heated at 70 °C for 72 h. The reaction was filtered 
through a 200 nm PTFE membrane filter and the 11B NMR spectrum recorded. 30% conversion 
of PhPH2·BH3 was detected which is directly comparable to the conversion detected when the 
monomer is heated with no catalyst.  
3.5.10.6 Addition of Me2NH·BH3 to the crude reaction of the Ni(COD)2-catalysed 
dehydropolymerisation of PhPH2·BH3 
PhPH2·BH3 (50 mg, 0.40 mmol) and Ni(COD)2 (1 mg, 0.004 mmol) were dissolved in THF 
(400 μL) in a J. Young NMR tube and heated at 70 °C for 72 h prior to addition of MeNH2·BH3 
(24 mg, 0.40 mmol). The reaction was heated to 70 °C for 20 h and no conversion of 
MeNH2·BH3 was detected using 11B NMR spectroscopy. 
 
Figure S3.45 11B NMR spectrum (96 MHz, 298 K, THF) of the reaction mixture for the attempted 
dehydrogenation of MeNH2·BH2 after 20h at 70 °C (*peaks present from the [PhHP–BH2]n reaction mixture prior 
to addition of MeNH2·BH2). 
3.5.11 Substrate scope 
3.5.11.1 nHexPH2·BH3  
nHexPH2·BH3 (53 mg, 0.40 mmol) and Ni(COD)2 (quantities shown in Table S3.2) were 
dissolved in THF (100 μL) in a J. Young NMR tube and heated using an oil bath to 70 °C (time 
shown in Table S3.2). The reaction mixtures were precipitated into cold (-40 °C) 
H2O:isopropanol (1:1) (20 mL)  prior to centrifuging at 4,000 RMP for 5 min to leave an oil 
layer on top of the solvent. The solvent was decanted and the product isolated as a brown oil 
which was dried for 48 h in vacuo (yields in Table S3.2). 11B and 31P NMR data match that of 






















1 0.004 1 1 70 14 84 41 
2.5 0.010 3 1 70 5 90 18 
aConversion based on integration of crude 11B NMR spectra; byield is of material remaining after precipitation 
into cold H2O:IPA (1:1). 
 
Figure S3.46 GPC chromatogram of isolated [nHexHP–BH2]n from polymerisation of nHexPH2·BH3 with 1 mol% 
Ni(COD)2  (Table S3.2). Not possible to integrate high molar mass material. 2 mg mL-1 in THF with 0.1 w/w% 
nBu4NBr in the THF eluent (*below calibration region).  
 
 
Figure S3.47 GPC chromatogram of isolated [nHexHP–BH2]n from polymerisation of nHexPH2·BH3 with 2.5 mol% 





Figure S3.48 1H NMR spectrum (300 MHz, 298 K, CDCl3)  of isolated [nHexHP–BH2]n from polymerisation of 
nHexPH2BH3 with 2.5 mol% Ni(COD)2  (Table S3.2) (*denotes residual partially protiated CDCl3). 
 
Figure S3.49 11B{1H} (left) and 11B (right)  NMR spectra (96 MHz, 298 K, CDCl3) of isolated [nHexHP–BH2]n from 
polymerisation of nHexPH2BH3 with 2.5 mol% Ni(COD)2  (Table S3.2). 
 
Figure S3.50 31P{1H} (left) and 31P (right)  NMR spectra (122 MHz, 298 K, CDCl3) of [nHexHP–BH2]n from 





Figure S 3.51 ESI(+)-MS spectrum of isolated [nHexPHBH2]n from polymerisation of nHexPH2·BH3 with 2.5 mol% 
Ni(COD)2.  
3.5.11.2 Ph2PH·BH3 
Ph2HP·BH3 (73 mg, 0.37 mmol) and Ni(COD)2 (1 mg, 0.004 mmol)  were dissolved in THF 
(100 μL) in a J. Young NMR tube and heated using an oil bath to 70 °C for 5 days. The reaction 
mixture was precipitated into cold (-40 °C) hexanes (20 mL). The solution was centrifuged for 
5 min at 4,000 RPM, the supernatant decanted, and the precipitate dried in vacuo for 48 h to 
give a pale yellow precipitate. 11B and 31P NMR data showed the presence of the same species 
in both the precipitate and supernatant indicating no separation had occurred.  
 
Figure S3.52 11B{1H} (left) and 11B (right)  NMR spectra (96 MHz, 298 K, CDCl3) of the precipitated material from 





Figure S3.53 31P{1H} (left) and 31P (right)  NMR spectra (122 MHz, 298 K, CDCl3) of the precipitated material 
from the reaction of Ph2PH·BH3 with 1 mol% Ni(COD)2. Species identified based on literature values.64 
 
Figure S3.54 ESI(-)-MS spectrum of the precipitated material from the reaction of Ph2PH·BH3 with 1 mol% 





Figure S3.55 GPC chromatogram of the precipitated material from the reaction of Ph2PH·BH3 with 1 mol% 
Ni(COD)2. 2 mg mL-1 in THF with 0.1 w/w% nBu4NBr in the THF eluent (*below calibration region).  
3.5.11.3 PhEtPH·BH3 
PhEtPH·BH3 (53 mg, 0.35 mmol) and Ni(COD)2 ( 1mg, 0.004 mmol)  were dissolved in THF 
(100 μL) in a J. Young NMR tube and heated using an oil bath to 70 °C for 48 h. The reaction 
mixture was precipitated into cold (-40 °C) hexanes (20 mL). The solution was centrifuged for 
5 min at 4,000 RPM, the supernatant decanted, and the precipitate dried in vacuo for 48 h to 
give a pale yellow precipitate. 11B and 31P NMR data showed the presence of the same species 
in both the precipitate and supernatant indicating no separation had occurred.  
 
Figure S3.56 11B{1H} (left) and 11B (right)  NMR spectra (96 MHz, 298 K, CDCl3) of the precipitated material from 
the reaction of PhEtPH·BH3 with 1 mol% Ni(COD)2 
 
Figure S3.57 31P{1H} (left) and 31P (right)  NMR spectra (122 MHz, 298 K, CDCl3) of the precipitated material 





Figure S3.58 ESI(+)-MS (left) and ESI(-)-MS (right) spectra of the precipitated material from the reaction of 
PhEtPH·BH3 with 1 mol% Ni(COD)2. 
 
Figure S3.59 GPC chromatogram of the precipitated material from the reaction of PhEtPH·BH3 with 1 mol% 
Ni(COD)2. 2 mg mL-1 in THF with 0.1 w/w% nBu4NBr in the THF eluent (*below calibration region).  
3.5.12 Supplementary tables 
3.5.12.1 X-ray crystallography 
X-ray data for 3.1 was carried out on a Bruker Apex II diffractometer using MoKα radiation 
(λ = 0.71073) Å at 100 K. The data collections were performed using a CCD area detector from 
a single crystal mounted on a glass fibre. Intensities were integrated86 and absorption 




solved by the dual-space algorithm SHELXT88 and refined against all F2 in ShelXL89 using 
Olex2.90 All the non-hydrogen atoms were refined anisotropically.  
Table S3 Selected crystallographic data for 3.1. 
Compound number 3.1 
Crystal colour yellow 
Empirical formula C18H24B3P3 
Formula weight 365.71 
Temperature/K 100 
Crystal system monoclinic 












Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 1.415 − 28.316 
Reflection collected 34326 
Independent reflections 34326 
Goodness-of-fit on F2 0.932 
Final R indexes [I>=2σ (I)] R1 = 0.0492 
wR2 = 0.1109 
R1; wR2 [all data] R1 = 0.0619 
wR2 = 0.1173 
Largest diff. peak/hole / e Å-3 0.387/-0.403 
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Chapter 4  
Stoichiometric and catalytic 
carbene-mediated depolymerisation of 
poly(N-methylaminoborane) [MeHN–BH2]n  
4.1 Abstract 
The reactions of the N-heterocyclic carbenes (NHCs) IDipp and ItBu and the cyclic(alkyl)amino 
carbene (CAAC) CAACMe with a high molar mass polyaminoborane [MeHN–BH2]n were 
investigated. Stoichiometric quantities of each carbene were found to cause rapid and 
complete depolymerisation with the major B–N containing product identified as the 
NHC-aminoborane adduct, IDipp–BH2NMeH (4.1), cyclic borazane [MeHN–BH2]3, or borazine 
[MeNBH]3 with IDipp, ItBu, and CAACMe, respectively. With substoichiometric quantities of 
IDipp and ItBu (down to 10 mol%) complete loss of high molar mass material was also 
detected indicating that the depolymerisation was catalytic. The main products of the 
reaction with substoichiometric IDipp were IDipp–BH2NMeH (4.1) and [MeHN–BH2]3, and 
with substoichiometric ItBu, [MeHN–BH2]3 and [MeNBH]3. The product ratios were dependent 
on the quantity of NHC used.   In contrast, under analogous substoichiometric conditions with 
CAACMe, high molar mass material was found to remain alongside the formation of [MeNBH]3. 
Further reactivity studies were performed with the cyclic borazane [MeHN–BH2]3 and the 
adduct MeNH2·BH3 to provide additional insight into the depolymerisation pathways. IDipp 
showed no reactivity towards [MeHN–BH2]3, whereas with 3 equiv. of ItBu and CAACMe, the 
dehydrogenation product, [MeNBH]3, was formed. With MeNH2·BH3 2 equiv. of carbene were 
used as the first acts to remove dihydrogen. The major species formed with the second equiv. 
of IDipp, ItBu and CAACMe were IDipp–BH2NMeH (4.1), [MeNBH]3, and (CAACMeH)HB=NMeH 
(4.2) respectively. The latter species appears to arise from the insertion of the carbene into 
the B–H bond of MeHN=BH2. The double E–H (E = B, N) bond activation product, 
(CAACMeH)HB=NMe(CAACMe)H (4.3), was isolated from the reaction between 3 equiv. of 






Polyaminoboranes and polyphosphinoboranes are main group polymers with backbones 
consisting of alternating group 13 (B) and group 15 (N or P) elements.1,2 The first high molar 
mass polyphosphinoboranes3 and polyaminoboranes4 were synthesised in 1999 and 2008, 
respectively, using transition-metal catalysts. Since these initial reports many further 
metal-catalysed, and more recently, metal-free routes for the polymerisations have been 
reported.5–13 
Although polyaminoboranes and polyphosphinoboranes are formally isoelectronic with 
polyolefins the incorporation of main group elements into the polymer backbone evokes a 
variety of potential applications, including as hydrogen storage materials,14 ceramic 
precursors,15–17 piezoelectric materials,18 flame retardants,19 and electron beam resists in 
lithography.20   
Whilst a significant amount of work has been carried out concerning the synthesis of 
polyaminoboranes and polyphosphinoboranes, there have been few reports on the reverse, 
depolymerisation, process. A consideration of the degradation of polymeric materials is of 
growing importance.21,22 This is a particularly prominent issue with polyolefins, which, 
although being low-cost and exhibit long term durability the lack of facile degradation 
pathways leads to the generation of millions of tonnes of plastic waste.23 In 2013 we 
published a preliminary study of the stability of poly(N-methylaminoborane), [MeHN–BH2]n, 
towards Lewis bases.24 The addition of tri-cyclohexylphosphine (PCy3) in THF resulted in no 
significant depolymerisation at temperatures up to 50 °C, whereas tri-n-butylphosphine 
P(nBu)3 and 4-dimethylaminopyridine (DMAP) led to partial and almost complete 
depolymerisation, respectively, at 20 °C. These bases , however, did not form detectable 
adducts with the resulting B–N fragments. Further studies revealed the surprisingly facile 
depolymerisation of [MeHN–BH2]n with the NHC IDipp (IDipp = 1,3-bis(2,6-
diisopropylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene) at 20 °C, with a stoichiometric 
reaction giving quantitative formation of an NHC-aminoborane adduct, IDipp–BH2NMeH 
(Scheme 4.1a). More recently, in relevant work on a related system, Scheer et al. reported 
the depolymerisation of polyphosphinoboranes; however, even under much more forcing 






Scheme 4.1 Depolymerisation of a polyaminoboranes; and b polyphosphinoboranes using NHCs. Spectroscopic 
yields are shown.  
Studies of the mechanism of the depolymerisation using NHCs were not reported in either 
case. In particular it was unclear whether the NHC has the capability to initiate 
depolymerisation at a site in the interior of the polymer chain, known as random degradation, 
or whether this can only occur at the chain ends in a process termed unzipping.26 
This work represents an in depth study of the reaction of carbenes, NHCs, and CAACs, with 
poly(N-methylaminoborane) [MeHN–BH2]n. A range of isolable carbenes, IDipp, ItBu 
(ItBu  = 1,3-di-tert-butylimidazol-2-ylidene) and CAACMe (CAACMe = :C(CH2)(CMe2)2N-2,6-iPr2C6H3) 
(Figure 4.1), with varying steric and electronic properties was utilised to gain complementary 
mechanistic insights into the depolymerisation process. The tert-butyl functionalised NHC, 
ItBu, has greater steric bulk than the IDipp NHC whereas CAACMe has both greater electron 
donating and electron accepting properties than either of the NHCs.27 The reactions of the 
carbenes with the molecular species MeNH2·BH3 and cyclic borazane [MeHN–BH2]3  were also 
studied as these results, combined with those for the reactivity of [MeHN–BH2]n with the 
different carbenes, were anticipated to provide more extensive insight into the mechanism(s) 
for the depolymerisation. 
 




4.3 Results  
4.3.1 Stoichiometric reactions between polyaminoborane [MeHN–BH2]n and carbenes 
For all of these studies poly(N-methylaminoborane) [MeHN–BH2]n was synthesised via a 
previously reported iridium catalysed dehydrocoupling of N-methylamine-borane.4 The 
polymer was isolated through precipitation into cold (-40 °C) hexanes. Characterisation by 
11B NMR spectroscopy in THF showed a single broad peak (δB = -4.9 ppm) (Figure S4.1) and 
GPC analysis on the polymer confirmed the high molar mass nature of the material 
(Mn = 26,100 Da; Ð = 1.67) (Figure S4.2). The same sample of [MeHN–BH2]n was used 
throughout this work. 
As noted above, previous preliminary studies by our group have shown that a stoichiometric 
amount of IDipp facilitated rapid depolymerisation of poly(N-methylaminoborane) [MeHN–BH2]n 
within 10 min at 20 °C in THF with quantitative conversion to a new boron-containing species 
(δB = -17.2 ppm (t)).24 11B and 1H NMR spectroscopy, together with electrospray ionisation 
mass spectrometry (ESI-MS), were used to identify the product as  IDipp–BH2NMeH (4.1), an 
NHC adduct of the transient methylaminoborane MeHN=BH2, which is otherwise unstable 
above -10 °C.28 The pure product was not isolated in this preliminary study although a similar 
adduct, IDipp–BCl2NPh2, formed by the reaction of IDipp with the isolable aminoborane 
Ph2N=BCl2, was characterised using single crystal X-ray diffraction. We have therefore 
reinvestigated the reaction between IDipp and [MeHN–BH2]n with a view to the isolation and 
more complete characterisation of 4.1. The stoichiometric reaction between these reagents 
in THF (22°C, 10 min), with  [MeHN–BH2]n added to a solution of IDipp, successfully led to the 
isolation of 4.1 and colourless crystals suitable for a single crystal X-ray diffraction study were 
grown from a 1:1 THF/pentane solution at -40 °C (Figure 4.2). The molecular structure in the 
solid state confirmed the nature of the product (Scheme 4.2a) and shows a tetracoordinate 
boron centre (B1) and a trigonal nitrogen atom (N1) distorted from planarity (Σangles = 337o). 
The B1–C1 bond length was found to be 1.631(3) Å, which is longer than the corresponding 
value in the NHC borane adduct IDipp–BH3 (1.585(4) Å),29 but comparable to values for other 
NHC–aminoborane adducts, IDipp–BH2NHDipp and IDipp–BCl2NPh2 (B–C bond lengths 
1.627(4) and 1.653(4) Å respectively).24,30 The B–N bond length of 1.525(3) Å is shorter than 




average single and double B–N bonds  (1.58 Å and 1.40 Å respectively).32 The 1H, 11B and 13C 
NMR data for the adduct matched that described in the initial report of 4.1.24 
 
Figure 4.2 Thermal ellipsoid plot of IDipp–BH2NMeH (4.1). Ellipsoids are shown at the 30% probability level. 
H atoms other than those on B1 and N1 have been omitted for clarity. 
It should be noted that when the reverse addition was carried out, namely adding 
stoichiometric IDipp to a solution of [MeHN–BH2]n, ca. 20% of cyclic borazane  [MeHN–BH2]3 
(δB = -5.6 ppm (t))33 was formed together with 4.1 (80%) (Figure S4.6). In the reactions of ItBu 
and CAACMe with [MeHN–BH2]n (described below) the products detected using 11B NMR had 
no dependence on the order of addition. For consistency with the IDipp case, the text as 
written describes the reaction involving the addition of [MeHN–BH2]n to carbene for both 
examples. 
To probe the generality of the reaction, stoichiometric quantities of ItBu and CAACMe were 
reacted with the same sample of poly(N-methylaminoborane) [MeHN–BH2]n 
(Mn = 26,100 Da; Ð = 1.67). In the reaction with ItBu (THF, 22 °C, 30 min) proton coupled 11B 
NMR spectroscopy evidenced full depolymerisation with cyclic borazane [MeHN–BH2]3 
(δB = -5.6 ppm (t))33 identified as the major product (88%)  (Figure S4.3a and Scheme 4.2b(i)). 
Further analysis of the 11B NMR spectrum revealed traces (ca. 7%, 2% and 3%) of three 
additional products (δB =  32.4 ppm (d), δB 27.4 ppm (d) and δB -15.6 ppm (t)) which were 
assigned as borazine [MeNBH]3,34 diaminoborane (MeNH)2BH24 and the analogous 
NHC-aminoborane adduct ItBu–BH2NMeH, respectively. The identity of ItBu–BH2NMeH was 




vs -17.2 ppm) and the similar coupling constant of the observed triplet (1JBH = 92 Hz vs 90 Hz).24 
A peak of m/z  = 222.1 was observed by electron ionisation mass spectroscopy (EI-MS) of the 
reaction solution further supported the formation of the adduct (Figure S4.4). Over 48 h the cyclic 
borazane [MeHN–BH2]3 was dehydrogenated to [MeNBH]3 (Figure S4.3c) and 1H NMR analysis of 
the reaction mixture evidenced a corresponding hydrogenation of ItBu to (ItBu)H235 (Scheme 
4.2b(ii)). In a separate experiment, monitoring a 1:1 reaction of CAACMe with [MeHN–BH2]n 
(THF, 22 °C, 10 min) using 11B and 1H NMR spectroscopy showed complete conversion to 
[MeNBH]3 (δB = 32.4 ppm (d))34 and (CAACMe)H236  within 10 min together with a trace amount 
(ca. 5%) of CAACMe–BH3 (δB =  -33.4 ppm (q), 1JBH = 88 Hz)37 (Scheme 4.2c).  
 
Scheme 4.2 Products of the stoichiometric reactions between [MeHN–BH2]n and a IDipp24; b ItBu; and 
c CAACMe. The polymer is added to a carbene solution unless otherwise stated. Spectroscopic yields of the 
boron containing species are given in brackets. 
4.3.2 Substoichiometric reactions between polyaminoborane [MeHN–BH2]n  and 
carbenes  
Substoichiometric quantities of IDipp, ItBu and CAACMe were reacted 
with poly(N-methylaminoborane) [MeHN–BH2]n (Mn = 26,100 Da; Ð = 1.67) to probe whether 




substoichiometric quantities of IDipp were used (10 –  50 mol%), under the same reaction 
conditions as for the stoichiometric case (22 °C, THF, polymer added to a carbene solution) 
the reaction again proceeded rapidly, reaching completion in under 10 min (Scheme 4.3a). 
The accompanying 11B NMR spectra showed no trace of the characteristic broad peak 
(δB = -5.4 ppm) of [MeHN–BH2]n4 and a more complex product distribution than in the 
stoichiometric reaction. IDipp–BH2NMeH (4.1) (δB = -17.0 ppm (t)),24 the exclusive product in 
the stoichiometric reaction, was identified as one of the depolymerisation products, along 
with cyclic borazane [MeHN–BH2]3 [δB = -5.6 ppm (t)),33 and  traces of  borazine [MeNBH]3 
(δB = 32.4 ppm (d)),34  diaminoborane (MeNH)2BH (δB = 27.4 ppm (d))24 and MeNH2·BH3 
(δB = -19.0 ppm (q)).38 It was noted that the ratio of [MeHN–BH2]3 to 4.1 formed decreased 
with the quantity of IDipp used (Figure S4.7). Analysis of the reaction mixtures corresponding 
to ≥ 10 mol% IDipp using gel permeation chromatography (GPC) showed no high molar mass 
material remained indicating that the addition of IDipp resulted in catalytic depolymerisation. 
When the quantity of IDipp added was reduced to 5 mol% a slightly broad peak remained in 
the 11B NMR spectrum (δB = -5.7 ppm), with no change observed after 1 h, and GPC analysis 
showed the persistence of a small quantity of high molar mass material (Mn = 40,700 Da; 
Ð = 1.10) (Figure S4.8). This showed that there is a limit (ca. 10 mol%) below which complete 
catalytic depolymerisation is not observed. Interestingly, in the case of 5 mol% of IDipp the 
Mn of the polymeric material which remained was higher than the Mn of the starting polymer.  
As with the case of IDipp, when a substoichiometric quantity (10 mol%) of ItBu was reacted 
with poly(N-methylaminoborane) [MeHN–BH2]n (THF, 22 °C, 10 min) analysis by 11B NMR 
spectroscopy showed complete consumption of the polymer. In this case the initial major 
species formed was cyclic borazane [MeHN–BH2]3 (δB = -5.6 ppm (t)).33 Subsequently,  
analogous to the reaction of stoichiometric quantities of ItBu with [MeHN–BH2]n, [MeHN–
BH2]3 was dehydrogenated to borazine [MeNBH]3  (δB = 32.4 ppm (d))34 over 48 h; however, 
only the amount which corresponds to the quantity of ItBu used was converted (Scheme 4.3b 
and Figure S4.9). 
With substoichiometric quantities of CAACMe (5 – 90 mol%) (THF, 22 °C) a significant 
divergence in reactivity was observed, relative to that of IDipp and ItBu (Scheme 4.3c). -
Although 11B NMR spectroscopy indicated formation of borazine [MeNBH]3 




broad peak (δB = -5.4 ppm), characteristic of the high molar mass starting polymer,4 persisted. 
Notably there was no evidence of cyclic borazane [MeHN–BH2]3 in the 11B NMR spectrum. 
GPC analysis confirmed that high molar mass material remained, with an increase in average 
molar mass when compared with the starting polymer (Scheme 4.3c and Figure S4.11). This 
is in stark contrast to the complete loss of high molar mass material in the analogous reactions 
involving 10 – 50 mol% of the NHCs. It is clear from the 11B NMR spectra that a higher 
percentage of CAACMe results in a larger quantity of [MeNBH]3 being formed (Figure S4.10). 
Furthermore, a comparison of the absolute integrals for the [MeNBH]3 peaks when 
substoichiometric amounts of CAACMe were used, with the absolute integral of the [MeNBH]3 
peak when 100% of CAACMe was used, showed that the relative amount of [MeNBH]3 formed 
linearly correlates with the percentage of CAACMe added (and (CAACMe)H2 formed) indicating 
that CAACMe facilitates quantitative dehydrogenation (Figure S4.10).39   
 
Scheme 4.3 Products of the reactions between poly(N-methylaminoborane) [MeHN–BH2]n and 
substoichiometric amounts of a IDipp; b ItBu; and c CAACMe. The polymer is added to a carbene solution in 
each reaction (x = mol% of carbene). 
4.3.3 Further reactivity studies with poly(N-methylaminoborane) [MeHN–BH2]n and 
cyclic borazane [MeHN–BH2]3 
To aid with the proposal of a mechanism for the depolymerisation of 
poly(N-methylaminoborane) with carbenes a series of further reactions were performed.  
4.3.3.1 Solution stability of poly(N-methylaminoborane) [MeHN–BH2]n 
Monitoring a THF solution of poly(N-methylaminoborane) [MeHN–BH2]n  in the absence of 




other boron-containing species and GPC analysis showed no significant change in molar mass 
or dispersity.  
4.3.3.2 Reaction between cyclic borazane [MeHN–BH2]3 and carbenes 
In an attempt to establish the difference in the observed formation of the cyclic borazane 
[MeHN–BH2]3 or borazine [MeNBH]3 with the carbenes the corresponding reactions of 
3 equiv. of each carbene with an independently prepared sample of [MeHN–BH2]3 in THF were 
carried out. With IDipp 1H and 11B NMR spectroscopy showed that there was no 
dehydrogenation to [MeNBH]3, even upon heating to 50 °C for 1 h (Scheme 4.4a). In contrast, 
when ItBu and CAACMe were reacted directly with [MeHN–BH2]3 clean conversion to 
[MeNBH]3 occurred in each case at 22 °C, over 24 h for ItBu (Scheme 4.4b) and more rapidly 
over 1 h for CAACMe (Scheme 4.4c). It should be noted than when one equiv. of either ItBu or 
CAACMe is reacted with [MeHN–BH2]3 one third is fully dehydrogenated to give [MeNBH]3 and 
two thirds remained unreacted, and no intermediates were detected using 11B NMR 
spectroscopy. 
 
Scheme 4.4 Reaction of [MeHN–BH2]3 with a IDipp; b ItBu; and c CAACMe. 
4.3.3.3 Attempted detection of MeHN=BH2 at low temperature 
The rapid reaction between the carbenes and [MeHN–BH2]n at 22 °C prevented the detection 
of any intermediates using 11B or 1H NMR spectroscopy. The monomer MeHN=BH2 has 
previously been detected in solution at -10 °C.28 To probe the possible formation of 
MeHN=BH2 as an intermediate in the depolymerisations the reactions of [MeHN–BH2]n with 
10 mol% and 100 mol% of IDipp and with 100 mol% CAACMe were carried out in THF at low 
temperature (from -80 °C to 20 °C). No intermediates were observed using 11B NMR 
spectroscopy and the carbenes were poorly soluble at low temperatures which created 




4.3.3.4 Carbene-mediated depolymerisation of [MeHN–BH2]n in the presence of 
cyclohexene 
There is precedent for the aminoborane monomer MeHN=BH2 to be trapped by a 
hydroboration reaction with cyclohexene to give MeHN=BCy2 (δB = ca. 45 ppm).28,40 We carried 
out the depolymerisation of [MeHN–BH2]n (THF, 22 °C, 10 min) with both stoichiometric and 
substoichiometric IDipp in the presence of excess cyclohexene with the goal of trapping any 
MeHN=BH2 formed and thus confirming whether free monomer is released during the 
depolymerisation; however, the only products observed using 11B NMR spectroscopy were 
identical to those formed in the depolymerisation reactions without the trapping reagent.  
This does not necessarily rule out the formation of free aminoborane as it may be that the 
rates of adduct and cyclic borazane formation are faster than the competing hydroboration 
reaction.41 
4.3.3.5 Solution stability of [MeHN–BH2]n  in the presence of cyclohexene 
Monitoring a THF solution at 22 °C of [MeHN–BH2]n (Mn = 26,100 Da; Ð = 1.67) in the presence 
of excess cyclohexene provided an interesting result. Very slowly (over three days) a new peak 
(δB = 45.3 ppm (br)),28 identified as MeHN=BCy2 was observed to form using 11B NMR 
spectroscopy with no obvious sharpening of the peak of [MeHN–BH2]n (δB = -5.5 ppm (br)) 
(Figure S4.14). Additional peaks corresponding to [MeNBH]3 (δB = 32.4 ppm (d))34 and 
MeNH2·BH3 (δB = -19.0 ppm (q))38 were also detected.  This result is significant as the observed 
rate of the loss of MeHN=BH2 from [MeHN–BH2]n was considerably slower than the rate of 
depolymerisation with carbenes.  
The persistence of the broad peak (δB = -5.5 ppm (br)), characteristic of polymeric material, 
upon addition of excess cyclohexene to poly(N-methylaminoborane), is suggestive that the 
aminoborane units are lost from the end of the polymer chain, rather than randomly in the 
center, as this would result in a significant reduction in molecular weight.26 This was 
confirmed by GPC chromatography which clearly showed high molar mass material remaining 
(Mn = 44,400 Da; Ð = 1.56) and, in a similar manner to  the depolymerisation with CAACMe, the 
molar mass is increased relative to the starting polymer (Figure S4.15).  
4.3.3.6 Reactivity of IDipp–BH2NMeH (4.1) with excess cyclohexene 
In an attempt to probe the reversibility of the C–B bond in 4.1 a THF solution of the adduct 
was exposed to excess cyclohexene in solution at 22 °C. If any cleavage of the B–C bond was 




hydroborated by the free aminoborane monomer; however, using 11B NMR spectroscopy 









22 °C, 72 h
4.1  
Scheme 4.5 Reaction of 4.1 with excess cyclohexene in THF. 
4.3.4 Reactivity of MeNH2·BH3 with carbenes 
Following the investigations of the reactivity of carbenes with poly(N-methylaminoborane) 
[MeHN–BH2]n and cyclic borazane [MeHN–BH2]3 we were interested to probe the reactivity 
with the parent amine-borane, MeNH2·BH3. The reactivity of MeNH2·BH3 with one and two 
equiv. of IDipp has previously been reported by Rivard et al. and by our group, respectively. 
In 2013 Rivard reported that MeNH2·BH3 reacts with one equiv. of IDipp to give (IDipp)H2 
and another IDipp-containing species, identified as the carbene-bound B–N–B species, 
IDipp–BH2NHMe–BH3,42 which can be formally regarded as a donor-acceptor adduct of an 
aminoborane. As Rivard et al. carried out the reaction in toluene we repeated it in THF to 
ensure consistency with the reactions we carried out with [MeHN–BH2]n  and [MeHN–BH2]3. 
The same boron-containing product was formed as determined by 11B NMR spectroscopy 
(Scheme 4.6a). We previously reported that with two equiv. of IDipp the products are one 
equiv. each of (IDipp)H2 and IDipp–BH2NMeH (4.1), the same adduct that is formed by the 
depolymerisation of [MeHN–BH2]n using stoichiometric IDipp (Scheme 4.6b).24  
 




We were interested in exploring whether when ItBu  was reacted with MeNH2·BH3 the major 
product is cyclic borazane [MeHN–BH2]3, as is the case in the depolymerisation of [MeHN–
BH2]n; ItBu–BH2NMeH, as is the case in the analogous reaction of IDipp with MeNH2·BH3; or a 
different B–N containing species. The reaction of one equiv. of ItBu with MeNH2·BH3 in THF 
(2h, 22 °C), gave several 11B containing products identified using a combination of 11B NMR 
spectroscopy and EI-MS (Figure S4.16 and Figure S4.17). Although the major product (70%) 
was assigned as  [MeHN–BH2]3 (δB = -5.6 ppm (t))33 a broad peak (δB = -16 ppm to -20 ppm) 
(28%) was also observed for which product assignment was more difficult. The proton 
coupled 11B NMR spectrum showed some splitting of this peak into a quartet with a chemical 
shift that coincides with that of MeNH2·BH3 (δB = -18.9 ppm (t))38 implying some of the starting 
amine-borane remains in the reaction mixture (Scheme 4.7a). No further conversion was 
observed after 24 h at 22 °C. With two equiv. of ItBu, after 2 h at 22 °C in THF, 11B NMR 
spectroscopy again showed the presence of several 11B containing products, which after 48 h 
showed negligible change other than dehydrogenation of [MeHN–BH2]3 (δB = -5.6 ppm (t))33 to  
[MeNBH]3 (δB = 32.4 ppm (d))34 (66%) (Figure S4.18). There was a small quantity of the adduct 
ItBu–BH2NMeH (δB = -15.4 ppm (t), m/z  = 222.1) (9%) present along with the same broad peak 
(δB = -16 ppm to -20 ppm) (10%) that was observed in the previous reaction with one equiv. 
of ItBu; however, the distinctive quartet which we assigned to MeNH2·BH3 was no longer 
present. The consumption of MeNH2·BH3 can be accounted for as it is anticipated it will have 
reacted with the additional equiv. of ItBu. We postulate that the broad peak (δB = -16 ppm to 
-20 ppm) can be assigned to ItBu–BH2NHMe–BH3 based on the similarity in 11B chemical shift 
and peak width to that of IDipp–BH2NHMe–BH342 and a peak observed at m/z = 237.2 using 
EI-MS (Figure S4.19). Additionally, there was a broad peak (10%) (δB =  -5.4 ppm (br)) which 
we attribute to a small quantity of oligomeric material [MeHN–BH2]x (Scheme 4.7b). It is 
entirely possible that in the reaction with one equiv. of ItBu that there is some oligomeric 
material formed; however, it is overlapping with the more significant cyclic borazane peak. 
The formation of any high molar mass material has been ruled out by the absence of a peak 
in the GPC chromatogram. The more complicated reaction mixture formed when using ItBu, 
as opposed to IDipp, can be explained by the greater steric bulk of the tBu substituted NHC 
disfavouring adduct formation, which is the sole product with IDipp. If the relative rates of 




carbene-bound B–N–B complex formation are competitive with each other the observed 




















































Scheme 4.7 Products of the reaction of MeNH2·BH3 with a 1 equiv.; and b 2 equiv. of ItBu. 
When one equiv. of CAACMe was reacted with MeNH2·BH3 (THF, 22 °C, 10 min) 1H NMR 
spectroscopy showed full consumption of CAACMe accompanied by the formation of 
(CAACMe)H213 and two unsymmetrical CAACMe containing species, determined by two sets of 
two additional septets which correspond to the CH(CH3)2 protons of the Dipp groups. 11B NMR 
spectroscopy showed that only half of the amine-borane was converted to a new 
boron-containing species (δB = 42.4 ppm (br)) with the other half remaining unreacted. The 
addition of a second equiv. of CAAC resulted in full consumption of MeNH2·BH3 and full 
conversion to the two new boron containing species, which were subsequently identified as 
the cis and trans isomers of (CAACMeH)HB=NMeH (4.2). The formation of (CAACMe)H2 was 
indicative that dehydrogenation had occurred. B–H activation, rather than N–H activation, 
was determined as the NCH3 peak in the 1H NMR spectrum splits into a doublet and the 11B 
chemical shift was comparable to that of MeHN=BMeH (δB = 41.9 ppm).43 
When a third equiv. of CAACMe was added 1H NMR spectroscopy confirmed full consumption 
of 4.2, although heating to 70 °C for 1 h was required.  Fractional crystallisation from a 
saturated hexanes solution at -40 °C facilitated the separation of two new products from the 
reaction mixture. X-ray crystallography was used to identify one of the products as 
trans-(CAACMeH)HB=NMe(CAACMeH) (trans-4.3) (Figure 4.3).  Analysis of the crystal structure 
of trans-4.3 showed a B–N bond length of 1.387(3) Å which is comparable to that reported 




(Σangles = 358o and 359o respectively). 4.3 can be formally described as the double E–H 
(E = B, N) bond activation product of the aminoborane monomer, MeHN=BH2. The 1H NMR 
spectrum of this species (Figure S4.22) is consistent with this structure as there were four 
septets (δH = 4.26 ppm, 3.81 ppm, 3.16 ppm and 2.87 ppm) which can be explained by the 
presence of two unsymmetrical CAACMe moieties in the molecule. Two singlets (δH = 4.98 ppm 
and 3.53 ppm) can be assigned to protons on the carbene centres following both B–H and N–H 
activation. The double E–H activation was further supported by the NCH3 peak (δH = 1.79 ppm) 
being a singlet and the 11B chemical shift being almost identical to that of the single activation 
product (δB = 44.3 ppm vs 42.4 ppm). It was possible to convert the other new product into 
trans-4.3 through further heating at 80 °C which lead us, when combined with the 1H NMR 
data, to assign the second product as cis-4.3.  
Based on the above results we postulate that one equiv. of CAACMe acts to dehydrogenate 
MeNH2·BH3.  A second equiv. then forms the adduct, CAACMe–BH2NMeH, analogous to the case 
with IDipp; however, this species is not observed as an intermediate as B–H activation occurs 
rapidly to give 4.2. At this point the major product is the trans isomer, presumably due to the 
lower degree of steric hindrance than in cis-4.2 (Scheme 4.8a). N–H activation occurs following 
the addition of a third equiv. of CAACMe giving 4.3; however, due to the large steric profiles of 
both 4.2 and CAACMe heating was required for the second E–H bond activation to proceed at an 
appreciable rate. In this case the major product was the higher energy cis isomer which can be 
accounted for by presuming that conversion of cis-4.2 into trans-4.2 has a higher energy barrier 
than the N–H activation (Scheme 4.8b). 
 





Figure 4.3 Thermal ellipsoid plot of trans-4.3. Ellipsoids are shown at the 30% probability level. H atoms other 
than those on C1, C22 and B1 have been omitted for clarity. 
4.4 Discussion 
Our studies of the reactions of the carbenes IDipp, ItBu and CAACMe with 
poly(N-methylaminoborane) [MeHN–BH2]n, and also the polymer “model” analogues, cyclic 
borazane [MeHN–BH2]3 and the adduct MeNH2·BH3 provide valuable insight into the 
polyaminoboranes depolymerisation in the presence of donor ligands. The results indicate 
that the mechanistic pathways vary with the nature of the carbene nucleophile. Although 
complete details cannot be definitively elucidated at this point, reasonable proposals for the 
various steps can be made.  
In previous work ESI-MS analysis of [MeHN–BH2]n synthesised using the same iridium catalyst 
as used in this study revealed that the polymer exists as linear chains possessing either borane 
(BH3) or amine (NMeH2) end groups.44 When the solution stability of [MeHN–BH2]n in the 
presence of cyclohexene as an aminoborane monomer trap was investigated (THF, 22 °C), 
MeHN=BCy2 was observed to slowly form (ca. 30% over 30 days) together with small amounts 
of [MeNBH]3 and MeNH2·BH3 (Section 4.3.3.5). GPC analysis suggested that the aminoborane 
units were lost for the end of the polymer chain, rather than arising from cleavage of the 
interior of the polymer chain, as high molar mass material was found to remain. We postulate 




of an aminoborane monomer from the polymer chain terminus. It appears that the resulting 
monomer is either trapped with cyclohexene or undergoes a bimolecular disproportion 
reaction through H2 transfer to give [MeNBH]3 (presumably via the transient iminoborane 
MeN≡BH) and MeNH2·BH3 (Figure 4.4). The latter process would be reminiscent of the 
well-characterised H2-transfer reactions between aminoboranes and amine-boranes.45 As the 
reaction of [MeHN–BH2]n with cyclohexene was significantly slower than the rate observed 
with carbenes this provides evidence that these C-donors are inducing cleavage of the 
polyaminoboranes chain, rather than simply reacting with aminoborane species that have 
been spontaneously lost from the polymer in solution.  
 
Figure 4.4 Proposed mechanism for the spontaneous depolymerisation of [MeHN–BH2]n in THF. 
4.4.1 Depolymerisation of [MeHN–BH2]n mediated by NHCs and weaker donors 
When a stoichiometric quantity of either IDipp or ItBu was reacted with [MeHN–BH2]n, 
complete conversion to new molecular BN species were observed. With IDipp the major 
product was IDipp–BH2NMeH (4.1), whereas with ItBu the major product was borazine 
[MeNBH]3 (Scheme 4.2). Full depolymerisation occurred upon the addition of 
substoichiometric quantities of both IDipp and ItBu (Scheme 4.3).  
Interestingly, the experimental results indicated that MeHN=BH2 monomer is not released. 
For example, no MeHN=BCy2 was intercepted when the depolymerisations were carried out 
in the presence of excess cyclohexene, a proven trap for this species.40 In addition, no 
MeHN=BH2 was detected using 11B NMR spectroscopy when the depolymerisations were 
carried out at low temperatures. 
We postulate that the NHCs initially interact randomly with the polymer to cleave the chain 
(Figure 4.5, Step 1). This has the effect of splitting the polymer into two chains, one with an 
NHC coordinated to boron and another which has an amine end group with a lone pair. Next, 




coordinated, (Figure 4.5, Step 2a), a reaction that may be mediated by further attack by the 
NHC at the penultimate BH2 group. The other new polymer chain end  with the amine  
terminus undergoes a back-biting reaction to release cyclic borazane [MeHN–BH2]3 (Figure 
4.5, Step 2b). The polymer chains with terminal amine groups would be expected to 
spontaneously depolymerise as each loss of [MeHN–BH2]3 reveals another terminal amine 
with a lone pair, providing a possible explanation for the observed catalytic depolymerisation 
in the case of both NHCs. 
 
Figure 4.5 Proposed mechanism for depolymerisation of [MeHN–BH2]n mediated by NHCs and weak donors. 
The difference in product distribution in the cases of IDipp and ItBu can be explained by 
considering the steric profile of the NHCs. IDipp, being less bulky, will likely attack the polymer 
main chain at a faster rate than ItBu. If attack of IDipp on polymer BH2 units is faster than the 
back-biting reaction (Figure 4.5, Step 2b), 4.1 will be the major product. Conversely, if attack 
of ItBu on polymer BH2 units is slower that the back-biting reaction, [MeHN–BH2]3 will be the 
major depolymerisation product. We showed in an independent reaction that ItBu 
dehydrogenated [MeHN–BH2]3 to give [MeNBH]3 at a comparable rate to that observed in the 
depolymerisation reaction, and we propose that this is the reason why borazine, rather than 
cyclic borazane, is observed as the final product in the ItBu-mediated depolymerisation 




It should be noted that this proposed mechanism can also be used to account for the different 
products observed when stoichiometric IDipp is added to [MeHN–BH2]n compared to when 
the reverse addition is used (Scheme 4.2a). In the first case some back-biting reactions to 
produce [MeHN–BH2]3 occur prior to the full stoichiometric quantity of IDipp being added and 
being able to attack at the BH2 of every monomer unit. In contrast, with ItBu the slower attack 
on the chain means that the order of addition causes no detectable difference in the final 
products (Scheme 4.2b(i)) as in both cases back-biting occurs faster than attack of ItBu on the 
polymer chain. 
This proposed mechanism is supported by the observation that the depolymerisation can be 
mediated by other donor species besides NHCs. For example we previously reported that 
DMAP mediates the depolymerisation of [MeHN–BH2]n,24 and a preliminary experiment 
showed that NMeH2, a N-donor reminiscent of the nucleophilic site formed in the 
NHC-mediated chain cleavage step (Figure 4.5, Step 1), induces the depolymerisation of 
[MeHN–BH2]n (Figure S4.29). Moreover, as DMAP and NMeH2 are weaker donors than NHCs 
we anticipate that the adduct formed (Figure 4.5, Step 2a) will be in equilibrium with 
aminoborane monomer and the free donor (Figure 4.5, Step 4). This explains why with both 
DMAP and NMeH2 no adduct is detected using NMR; instead the products are derived from 
MeHN=BH2 (Figure 4.5, Step 5).45,46 
4.4.2 Depolymerisation of [MeHN–BH2]n mediated by CAACMe 
In the reaction of [MeHN–BH2]n with CAACMe there is no evidence for the formation of a 
donor-acceptor carbene adduct of the aminoborane monomer, or the related species 
(CAACMeH)HB=NMeH (4.2), in which the monomer has undergone B–H activation (Scheme 
4.8). These are the species that would be expected to form if the depolymerisation proceeded 
by an initial donor-induced chain cleavage mechanism in similar manner to that proposed for 
the NHCs (Figure 4.5), and suggests that the reaction with CAACMe proceeds via a different 
pathway. Furthermore, in stark contrast to the NHCs, substoichiometric quantities of CAACMe 
did not facilitate complete depolymerisation and the depolymerisation was therefore not 
catalytic (Scheme 4.3). 
The first step of the reaction of CAACMe with sp3-hybridised BN polymer “models” [MeHN–BH2]3 
and MeNH2·BH3 involves dehydrogenation, and this is more facile than with the NHCs 




therefore be anticipated; however, it would be expected to be slower due to the presence of 
additional steric bulk. We postulate that the CAACMe initially dehydrogenates a MeHN–BH2 
unit in the polymer main chain (Figure 4.6, Step 1). The subsequent steps are highly 
speculative. Nevertheless, we tentatively predict the dehydrogenation causes cleavage of the 
polymer chain (Figure 4.6, Step 2). A back-biting reaction then occurs to release cyclic 
[MeHN–BH2]2[MeN=BH] (Figure 4.6, Step 3), which is rapidly dehydrogenated to borazine 
using an additional 2 molecules of CAACMe (Figure 4.6, Step 4). 
 
Figure 4.6 Proposed mechanism for depolymerisation of [MeHN–BH2]n mediated by CAACMe. 
If the initial dehydrogenation is slow and is followed by faster subsequent steps on fragments 
of species derived from the same polymer chain this mechanism explains why high molar 
mass polymer remains in the substoichiometric reactions of [MeHN–BH2]n with CAACMe. An 
experiment which supports this concept is that when 1 equiv. of CAACMe is reacted with cyclic 
borazane [MeHN–BH2]3, a cyclic analogue of [MeHN–BH2]n, the products are 33.3% borazine 
[MeNBH]3 and 66.7% unreacted cyclic borazane and the presumed partially dehydrogenated 
intermediate species [MeHN–BH2]2[MeNBH] and [MeHN–BH2][MeNBH]2 were not detected.   
As already noted, surprisingly, when [MeHN–BH2]n is reacted with substoichiometric CAACMe 
the molar mass of the remaining material actually increases (Table S4.2). A highly speculative 
explanation for this intriguing phenomenon is that it could stem from a polymer coiling effect. 
As the polyaminoborane is not highly soluble, shorter polymer chains are anticipated to be 
more effectively solvated. This would make access of a sterically encumbered reagent to the 
polymer backbone easier for the more swollen polymer coils formed by shorter chains, which 





We have studied the reactivity of both stoichiometric and catalytic quantities of IDipp, ItBu 
and CAACMe with [MeHN–BH2]n with the products having a clear dependence on the carbene 
used. The stoichiometric reaction of IDipp, ItBu and CAACMe with [MeHN–BH2]n all cause rapid, 
complete depolymerisation with the main B–N containing products being IDipp–BH2NMeH 
(4.1), [MeHN–BH2]3 and [MeNBH]3, respectively. With IDipp and ItBu the depolymerisation 
was discovered to be catalytic under ambient conditions, providing both an energy and atom 
efficient method for controlled degradation of [MeHN–BH2]n. Conversely, with CAACMe high 
molar mass material remained even when 90 mol% of carbene was added. Cyclic borazane 
[MeHN–BH2]3 was used as polymer “model” analogue and was dehydrogenated to borazine 
[MeNBH]3 with ItBu and CAACMe, but was unreactive towards IDipp.   The reaction of 
MeNH2·BH3 with CAACMe allowed for the isolation of trans-(CAACMeH)HB=NMe(CAACMe)H 
(trans-4.3), an aminoborane with both a B–H and N–H bond activated by CAACMe. 
Depolymerisation mechanisms for each of the carbenes were proposed by considering the 
observed reactivity of the carbenes with [MeHN–BH2]n, [MeHN–BH2]3 and MeNH2·BH3. We 
tentatively propose that the NHC-mediated depolymerisations proceed via a different 
mechanism to the case of CAACMe. With IDipp and ItBu the NHC was predicted to attack at a 
central polymer BH2 unit, causing chain cleavage to reveal a terminal amine moiety which 
facilitates a spontaneous back-biting reaction to release cyclic borazane. The difference in 
products with IDipp and ItBu was explained by a consideration of the steric bulk around the 
carbene carbon centre. IDipp is less sterically encumbered, so should attack the polymer at a 
faster rate, and hence IDipp–BH2NMeH rather than [MeHN–BH2]3 is the major 
depolymerisation product. CAACMe is postulated to initially dehydrogenate a [MeHN–BH2] 
unit in the polymer main chain, followed by faster polymer cleavage, back-biting and further 
dehydrogenation of fragments or species derived from the same polymer chain. This would 





4.6 Supporting Information  
4.6.1 General procedures, reagents and equipment 
All manipulations were carried out either under an atmosphere of nitrogen gas using standard 
vacuum line and Schlenk techniques, or under an atmosphere of nitrogen within an M. Braun 
glovebox MB150G-B maintained at < 0.1 ppm of H2O and < 0.1 ppm of O2. All solvents were 
dried via a Grubbs design solvent purification system.47  
Benzene-d6 was purchased from Sigma Aldrich, dried and vacuum distilled from 
sodium-benzophenone ketyl and stored over activated molecular sieves (4 Å). THF-d8 and 
toluene-d8 were purchased from Sigma and stored over activated molecular sieves (4 Å). NMR 
spectra were recorded using Oxford Jeol Eclipse 300 MHz, Bruker 500 MHz, Bruker 360 MHz 
and Bruker 300 MHz NMR spectrometers. 1H NMR spectra were calibrated using the residual 
protio signal of the solvent (δ 1H (C6D6) = 7.16) 13C NMR spectra were calibrated using the 
solvent signal (δ 13C(C6D6) = 128.0). 11B NMR spectra were calibrated against external 
standards (11B: BF3·OEt2 (δ 11B = 0.0). All chemical shifts are given in ppm (parts per million). 
IDipp (IDipp = [(HCNDipp)2C:], Dipp = 2,6-iPr2C6H3),48 ItBu (ItBu = [(HCNtBu)2C]),49 CAACMe 
(CAACMe = :C(CH2)(CMe2)2N-2,6-iPr2C6H3),50 [MeHN–BH2]n,4 [MeHN–BH2]3,34 MeNH2·BH338 and 
IDipp–BH2NMeH24 were prepared according to literature procedures. BH3·THF (1 M in THF) 
was purchased from Acros Organics and trap-to-trap vacuum transferred prior to use. 
Cyclohexene was purchased from Sigma, dried over CaH2 and distilled prior to use.  All other 
regents were purchased from commercial sources and used as received. 
GPC was performed on a Malvern RI max Gel Permeation Chromatograph, equipped with an 
automatic sampler, a pump, an injector, and inline degasser. The columns (1 x T5000 and 
1 x T3000) were contained within an oven (35 °C) and consisted of styrene/divinyl benzene 
gels. Sample elution was detected by means of a differential refractometer. THF (Fisher), 
containing 0.1 wt.% [nBu4N]Br, was used as the eluent at a flow rate of 1 mL min-1. Samples 
were dissolved in the eluent (2 mg mL-1) and filtered through a poly(tetrafluoroethylene) 
membrane of 200 nm pore size before analysis. The calibration was conducted using 
monodisperse polystyrene standards obtained from Aldrich. The lowest and highest 




Air-sensitive mass spectrometry experiments were conducted using a Finnigan Trace DSQ 
system with Direct Probe Controller (Thermo, MA).  Samples were loaded in flared glass direct 
injection probe sample cups in a glovebox under an inert atmosphere then transferred in vials 
to a chamber flushed with N2 that was connected to the DSQ instrument.  The sample cup 
was then inserted into the MS probe and then probe was inserted into the vacuum lock 
system of the probe inlet system then into the MS source of the DSQ.  The sample was heated 
to 350 °C with the following temperature program (40 °C hold 1 min, ramp 60 °C min-1 to 350 
°C hold 1 min).  The DSQ MS was scanned continuously in EI mode from 100-1000 Da to 
analyse the thermally volatile analytes.  The DSQ MS ion source temperature was set to 150 °C 
and electron energy set to 40 eV during analysis. 
4.6.2 Synthesis of poly(N-methylaminoborane) 
 [MeHN–BH2]n was synthesised via a previously reported iridium catalysed dehydrocoupling 
of N-methylamine-borane.4 To a solution of MeNH2·BH3 (1.00 g, 22.3 mmol) in THF (1.2 mL) 
was added IrH2(POCOP) (POCOP = κ3-1,3-(OPtBu2)2C6H3) (39 mg, 0.066 mmol, 0.3 mol%) in 
THF (1 mL) at 0 °C. The mixture was stirred at 22 °C for 1 h before precipitation from minimum 
THF (ca. 1 mL) into cold (-78 °C) hexanes (200 mL) three times. Yield = 669 mg (69.9 %). 
GPC: Mn = 26,100 Da; Mw =43,500 Da; Ð = 1.67. 
11B and 1H NMR data matches that previously reported in literature.4 
 
Figure S4.1 11B NMR spectra (CDCl3, 96 MHz, 296 K) of [MeHN–BH2]n. 
 




4.6.3 Stoichiometric reactions between [MeHN–BH2]n and IDipp, ItBu and CAACMe 
4.6.3.1 Synthesis of IDipp–BH2NMeH (4.1) 
To a solution of IDipp (906 mg, 2.37 mmol) in THF (3 mL) was added a solution of [MeHN–BH2]n  
(100 mg, 2.37 mmol)  in THF (1 mL) at 22 °C. The reaction was stirred for 5 min before the 
solution was concentrated to a volume of ca. 1 mL. The concentrated solution was layered 
with hexanes (1 mL) and single crystals of 4.1 suitable for X-ray diffraction studies were 
obtained from the solution at -40 °C. Yield = 641 mg (63.7 %). 
1H, 13C and 11B NMR data matches those previously reported in literature.24  
4.6.3.2 Reaction of [MeHN–BH2]n with ItBu 
To a solution of ItBu (21 mg, 0.12 mmol) in THF (250 μL) was added a solution of [MeHN–BH2]n  
(5 mg, 0.1 mmol)  in THF (250 μL) at 22 °C. The reaction was monitored by 11B NMR 
spectroscopy which after 30 min revealed depolymerisation to cyclic borazane [MeHN–BH2]3 
(δB = -5.6 ppm (t), 1JBH = 107 Hz)33  (88%), ItBu–BH2NMeH (δB = -15.6 ppm (t), 1JHB = 92 Hz) (3%) 
(assigned based on the similar chemical shift and coupling pattern to IDipp–BH2NMeH24 and 
the presence of a peak at m/z  = 222.1 [ItBu-BH2NMeH – H-] in the EI mass spectrum), 
diaminoborane (MeNH)2BH (δB = 27.4 ppm (d), 1JHB = 130 Hz)24 (2%) and borazine [MeNBH]3 
(δB = 32.4 ppm (d), 1JBH = 139 Hz)34 (7%). After 48 h all [MeHN–BH2]3 is dehydrogenated to 
[MeNBH]3 (determined using 11B NMR spectroscopy) (Figure S4.3)and ItBu is hydrogenated 
to (ItBu)H235 (determined using 1H NMR spectroscopy). 
 
Figure S4.3 11B NMR spectra (THF, 96 MHz, 296 K) of the reaction mixture of [MeHN–BH2]n  and ItBu after a  30 





Figure S4.4 EI mass spectrum (+) of the reaction solution of ItBu and [MeHN–BH2]n. 
4.6.3.3 Reaction of [MeHN–BH2]n with CAACMe 
To a solution of CAACMe (34 mg, 0.12 mmol) in THF (250 μL) was added a solution of [MeHN–BH2]n  
(5 mg, 0.1 mmol)  in THF (250 μL) at 22 °C. The reaction was monitored by 11B NMR 
spectrocopy which after 10 min revealed complete conversion to [MeNBH]3 (δB = 32.4 ppm, 





Figure S4.5 a 11B{1H}; and b 11B NMR spectra (THF, 96 MHz, 295 K) of the reaction mixture of [MeHN–BH2]n and 
CAACMe. 
4.6.3.2 Effect on the addition order of carbene to [MeHN–BH2]n  and vice versa 
For each carbene, IDipp, ItBu and CAACMe (0.12 mmol in 250 μL THF), two reactions were set 
up. In the first the carbene solution was added to a solution of [MeHN–BH2]n (5mg, 0.1 mmol) 
in THF (250 μL) and in the second the carbene solution was added to the polymer solution. 
After 10 min 11B NMR spectra were recorded. 
 
Figure S4.6 11B{1H} NMR spectra (THF, 116 MHz, 298 K) of the reaction mixture of [MeHN–BH2]n and IDipp after 





4.6.4 Substoichiometric reactions between [MeHN–BH2]n and IDipp, ItBu and CAACMe 
4.6.4.1 Reaction of [MeHN–BH2]n with substoichiometric IDipp 
IDipp (quantities shown in Table S4.1) was dissolved in THF (250 μL) and added to a solution 
of [MeHN–BH2]n  (10 mg, 0.23 mmol) in THF (250 μL). After 10 min 11B NMR spectra were 
recorded and the samples were dried in vacuo prior to GPC analysis which showed no high 
molar mass material remained, other than when 5 mol% IDipp was used (Figure S4.8). 
Table S4.1 Relative amounts of IDipp used in the substoichiometric reactions with [MeHN–BH2]n. 
IDipp (mol%) IDipp (mmol) IDipp (mg) 
5 0.011 5 
10 0.023 9 
25 0.058 23 
50 0.11 45 
 
 
Figure S4.7 Stacked 11B NMR (THF, 116 MHz, 298 K) for the reaction of [MeHN–BH2]n and a 0 mol%; b 5 mol%; 






Figure S4.8 GPC chromatogram of the reaction of [MeHN–BH2]n and 5 mol% of IDipp. 2 mg mL-1 in THF with 
0.1 w/w% nBu4NBr in the THF eluent. 
4.6.4.2 Reaction of [MeHN–BH2]n with substoichiometric ItBu 
ItBu (8 mg, 0.05 mmol) was dissolved in THF (250 μL) and added to a solution of [MeHN–BH2]n  
(20 mg, 0.47 mmol) in THF (250 μL). After 10 min 11B NMR spectroscopy showed full 
depolymerisation to [MeHN–BH2]3 (δB = -5.6 ppm (t), 1JBH = 109 Hz)33 of which ca. 10% is 
converted to [MeNBH]3 (δB = 32.7 ppm, 1JBH = 140 Hz)34 over 48 h. 
 
Figure S4.9 a 11B{1H}; and b 11B NMR spectra (THF, 116 MHz, 298 K) of the reaction mixture of [MeHN–BH2]n 




4.6.4.3 Reaction of [MeHN–BH2]n with substoichiometric CAACMe 
CAACMe (quantities shown in Table S4.2) was dissolved in THF (250 μL) and added to a solution 
of [MeHN–BH2]n  (10 mg, 0.23 mmol) in THF (250 μL). After 10 min 11B NMR spectra were 
recorded and the samples were dried in vacuo prior to GPC analysis.  
Table S4.2 Relative amounts of CAACMe used in the substoichiometric reactions with [MeHN–BH2]n, conversion 











Mn (Da) Mw (Da) PDI 
0 0 0 - 26,100 43,500 1.67 
5 0.011 3 4 45,200 56,300 1.25 
10 0.023 7 6 35,500 50,300 1.42 
25 0.058 17 22 35,800 52,600 1.47 
50 0.11 33 44 36,100 52,700 1.49 
75 0.17 50 78 36,000 54,500 1.51 
90 0.21 59 93 57,700 81,300 1.41 
100 0.23 66 100 - - - 
aPercentages relative to 100 mol% CAACMe calculated using absolute integrals. 
 
Figure S4.10 Stacked 11B NMR NMR spectra (THF, 116 MHz, 298 K) for the reaction of [MeHN–BH2]n and a 






Figure S4.11 GPC chromatograms (high molar mass region) of reaction of [MeHN–BH2]n with 0 mol%, 5 mol%, 
10 mol%, 25 mol%, 50 mol%, 75 mol% and  90 mol% of CAACMe. Normalised to the polymer peak. 2 mg mL-1 in 
THF with 0.1 w/w% nBu4NBr in the THF eluent. 
4.6.5 Control reactions 
4.6.5.1 Solution stability of [MeHN–BH2]n  in THF 
[MeHN–BH2]n  (5 mg, 0.1 mmol) was dissolved in THF (0.5 mL) and monitored using 11B NMR 
spectroscopy. After 16 h no conversion into other boron containing species was detected and 
GPC analysis showed no significant change in molar mass or polydispersity. 
4.6.5.2 Reactions of [MeHN–BH2]3 with IDipp, ItBu and CAACMe 
IDipp (91 mg, 0.23 mmol), ItBu (42 mg, 0.23 mmol) or CAACMe (67 mg, 0.23 mmol) was added 
to a solution of [MeHN–BH2]3 (10 mg, 0.078 mmol) in THF (0.5 mL) and the reaction monitored 
using 11B NMR spectroscopy. With IDipp there was no conversion after 5 days at 22 °C or 1 h 
of heating at 50 °C. With ItBu and CAACMe full conversion to [MeNBH]334 was observed within 
24 h and 1 h respectively. 
4.6.5.3 Attempted observation of MeHN=BH2 at low temperature 
For each of the reaction which used low temperature NMR the following procedure was used. 
Carbene was dissolved in THF (250 μL) and transferred to an NMR tube. The solution was 
frozen using the glove box cold well cooled using liquid N2. [MeHN–BH2]n was dissolved in THF 
(250 μL) and cooled in the glove box freezer (-40 °C). The polymer solution was added to the 
frozen carbene solution in the glove box cold well. Once the whole sample had frozen the 
NMR tube was rapidly transferred from the glove box to a dry ice/acetone bath (-78 °C). The 
NMR machine was pre-cooled to -80 °C prior to the sample being transferred from the dry 




4.6.5.3.1 Reaction of [MeHN–BH2]n with stoichiometric IDipp 
IDipp (45 mg, 0.12 mmol) and [MeHN–BH2]n (5 mg, 0.1 mmol) were used. At -40 °C there is 
evidence of the adduct IDipp–BH2NMeH forming (δB = -16.9 ppm) and as the temperature is 
increased cyclic borazane [MeHN–BH2]3 (δB = -4.9 ppm) is detected. The results are comparable 
to the case where substoichiometric quantities of IDipp are reacted with [MeHN–BH2]n at 22 °C. 
We anticipate that this is due to poor solubility of IDipp at low temperatures and this is 
supported by the observation of precipitate in the NMR tube at the end of the reaction. Most 
importantly there is no evidence of a peak at ca. δB = 45 ppm which would correspond to the 
aminoborane monomer MeHN=BH2.28 
 
Figure S4.12 Stacked 11B NMR NMR spectra (THF, 116 MHz) for the stoichiometric reaction of [MeHN–BH2]n 
and Dipp from -80 °C to 20 °C.  
4.6.5.3.2 Reaction of [MeHN–BH2]n with stoichiometric CAACMe 
CAACMe (33 mg, 0.12 mmol) and [MeHN–BH2]n (5 mg, 0.1 mmol) were used. At -60 °C there is 
evidence of [MeNBH]3 forming (δB = 34 ppm). As when the reaction is carried out with IDipp 
as the temperature is increased the 11B NMR spectra are comparable to those obtained when 
substoichiometric quantities of CAACMe are used and precipitate is observed to form in the 




evidence of a peak at ca. δB = 45 ppm which would correspond to the aminoborane monomer 
MeHN=BH2.28 
 
Figure S4.13 Stacked 11B NMR NMR spectra (THF, 116 MHz) for the stoichiometric reaction of [MeHN–BH2]n 
and CAACMe from -80 °C to 20 °C. 
4.6.5.3.3 Reaction of [MeHN–BH2]n with 10 mol% IDipp 
IDipp (5 mg, 0.01 mmol) and [MeHN–BH2]n (5 mg, 0.1 mmol) were used. This reaction was 
carried out as the depolymerisation with IDipp had been shown to be catalytic. Using a 
substoichiometic, rather than stoichiometric, quantity of IDipp would potentially give us the 
best chance of detecting MeHN=BH2 if it is released as only a small percentage could be 
trapped with IDipp. As with the stoichiometric reaction there is no evidence of a peak at 





4.6.5.4 Cyclohexene trapping reactions 
4.6.5.4.1 Depolymerisation of [MeHN–BH2]n with stoichiometric IDipp in the presence of 
cyclohexene 
To a solution of [MeHN–BH2]n (5mg, 0.1 mmol) in THF (250 μL) was added cyclohexene 
(118 μL, 1.17 mmol). This solution was added to a solution of IDipp (45 mg, 0.12 mmol) in THF 
(250 μL). After 10 min 11B NMR spectroscopy confirmed full conversion to IDipp–BH2NMeH 
(δB =  17.2 ppm (t)) with no evidence of any MeHN=BCy2 (δB = ca. 45 ppm).40 
4.6.5.4.2 Depolymerisation of [MeHN–BH2]n with substoichiometric IDipp in the presence 
of cyclohexene 
To a solution of [MeHN–BH2]n (5mg, 0.1 mmol) in THF (250 μL) was added cyclohexene 
(118 μL, 1.17 mmol). This solution was added to a solution of IDipp (9 mg, 0.03 mmol) in THF 
(250 μL). After 10 min 11B NMR spectroscopy confirmed full consumption of  [MeHN–BH2] 
with no evidence of any MeHN=BCy2 (δB = ca. 45 ppm).40 
4.6.5.4.3 Control reaction of [MeHN–BH2]n with cyclohexene 
To a solution of [MeHN–BH2]n (5mg, 0.1 mmol) in THF (0.5 mL) was added cyclohexene 
(118 μL, 1.17 mmol). 11B NMR spectroscopy was used to monitor any change in the species 
present over time (Figure S4.14). GPC analysis of the sample after 30 days showed persistence 
of high molar mass material (Figure S4.15). 
 
Figure S4.14 11B{1H} NMR spectra (THF, 116 MHz,  298 K) of the reaction of [MeHN–BH2]n with excess 





Figure S4.15 GPC chromatograms of reaction of [MeHN–BH2]n with cyclohexene after 0 days and 30 days. 
2 mg mL-1 in THF with 0.1 w/w% nBu4NBr in the THF eluent. 
4.6.5.4.4 Reaction of IDipp–BH2NMeH with cyclohexene 
IDipp–BH2NMeH (10 mg, 0.023 mmol) was dissolved in THF (400 μL) in a J. Young NMR tube. 
Cyclohexene (230 μL, 2.32 mmol) was added and the reaction was monitored at 22 °C using 
11B NMR spectroscopy. No conversion was detected over 72 h.  
4.6.6 Reactions of MeNH2·BH3 with IDipp, ItBu and CAACMe 
4.6.6.1 MeNH2·BH3 with one equivalent of IDipp 
A THF solution (0.5 mL) of IDipp (43 mg, 0.11 mmol) was added to MeNH2·BH3 (5 mg, 
0.1 mmol). After 24 h 11B NMR spectroscopy showed  two peaks (δB = -16.6 ppm (br) 
and -15.6 ppm (br)) which are comparable with the previously reported 
compound IDipp-BH2NHMeBH3.42 
4.6.6.2 MeNH2·BH3 with one equivalent of ItBu 
A solution of ItBu (40 mg, 0.22 mmol) in THF (0.3 mL) was added to a solution of MeNH2·BH3 
(10 mg, 0.22 mmol) in THF (0.3 mL). After 2 h 11B NMR spectroscopy showed conversion to a 
mixture of 11B containing species: [MeHN–BH2]3 (δB = -5.6 ppm (t), 1JBH = 110 Hz)33 (70%), 
(MeNH)2BH (δB = 27.4 ppm (d), 1JHB = 156 Hz)24 (2%), ItBu–BH2NMeHBH3 (δB = -16 ppm 
to -20 ppm (br)) (assignment based on similarity of chemical shifts to IDipp–BH2NMeH-BH342 
and the presence of a peak at m/z  = 237.2 [ItBu-BH2NMeHBH3] in the EI mass spectrum) and 
MeNH2·BH3 (δB = -18.9 ppm (q), 1JBH = 94 Hz).38 





Figure S4.16 a 11B{1H} and b 11B NMR spectra (THF, 116 MHz, 298 K) of the reaction mixture of MeNH2·BH3 and 
one equiv. of  ItBu after 2 h (*traces of [BH4]- from the imidazolium salt). 
 
 




4.6.6.3 MeNH2·BH3 with two equivalents of ItBu 
A solution of ItBu (80 mg, 0.45 mmol) in THF (0.3 mL) was added to a solution of MeNH2·BH3 
(10 mg, 0.22 mmol) in THF (0.3 mL). After 2 h 11B NMR spectroscopy showed conversion to a 
mixture of 11B containing species including [MeHN–BH2]3 (δB = -5.6 ppm (t), 1JBH = 105 Hz)33 as 
the major species. Over 48 h [MeHN–BH2]3 is dehydrogenated to [MeNBH]334 (δB = 32.4 ppm 
(t), 1JBH = 137 Hz) (66%) with negligible change in the other 11B containing species: (MeNH)2BH 
(δB = 27.4 ppm (d)) (trace),24 [MeHN–BH2]x [δB -5.4 ppm (br)] (10%), ItBu–BH2NMeH 
(δB = -15.6 ppm(t), 1JHB = 92 Hz) (9%) (assigned base on the similar chemical shift and coupling 
to IDipp–BH2NMeH24 and the presence of a peak at m/z  = 222.1 [ItBu-BH2NMeH – H-] in the 
EI mass spectrum) and ItBu–BH2NMeHBH3 (δB = -16 ppm to -20 ppm (br)) (10%) (assignment 
based on similarity of chemical shifts to IDipp–BH2NMeH–BH342 and the presence of a peak at 
m/z  = 237.3 [ItBu–BH2NMeH–BH3] in the EI mass spectrum). There is one unidentified 
product (δB = 24.4 ppm (s)) (5%). 
 
Figure S4.18 a 11B{1H}; and b 11B NMR spectra (THF, 116 MHz, 298 K) of the reaction mixture of MeNH2·BH3 and 





Figure S4.19 EI (+) mass spectrum of the reaction solution of 2 equiv. of ItBu and MeNH2·BH3.  
4.6.6.4 MeNH2·BH3 with two equivalents of CAACMe 
CAACMe (500 mg, 1.75 mmol) was dissolved in THF (3mL) and slowly added to a solution of 
MeNH2·BH3 (39 mg, 0.87 mmol) in THF (1 mL). The reaction was stirred at 22 °C for 15 min. 
11B NMR spectroscopy showed full conversion to a new boron containing species, along with 
ca. 15% of CAACMe–BH3.37 1H NMR spectroscopy showed the formation of (CAACMe)H2 and two 
unsymmetrical CAACMe containing products in a 90:10 ratio. The solvent was removed in 
vacuo to leave an oil which was redissolved in hexanes and at -40 °C and CAACMe–BH3 
crystallised out of the solution.  Further separation of the new boron containing products 
proved unsuccessful due to the oily nature of the product. Based on the products of the 
reaction of MeNH2·BH3 with three equiv. of CAACMe the new products have been assigned as 
the cis and trans isomers of (CAACMeH)HB=NMeH (4.2). The energy of both the cis and trans 
isomers were calculated using DFT and the trans isomer calculated to be 7.49 kJ mol-1 lower 





Figure S4.20 11B{1H} NMR spectra (THF, 116 MHz, 298 K) of the reaction mixture of MeNH2·BH3 and two equiv. 
of  CAACMe after 15 min (#unidentified product). 
 
Figure S4.21 1H NMR spectra (C6D6, 300 MHz, 298 K) of the reaction of MeNH2·BH3 and two equiv. of  CAACMe 
after CAAC–BH3 was removed by recrystallisation from hexanes. The septets corresponding to the (CH(CH3)2) 
groups in (CAACMe)H2 and each of the isomers have been highlighted along with the carbene C–H protons and 
the NMe3 groups in the isomers. 
4.6.6.5 Synthesis of the cis- and trans-(CAACMeH)HB=NMe(CAACMeH) (4.3) 
CAACMe (500 mg, 1.75 mmol) was dissolved in THF (3 mL) and slowly added to a solution of 
MeNH2·BH3 (26 mg, 0.58 mmol) in THF (3mL). The reaction was heated to 70 °C for 1 h and 
full consumption of CAACMe was observed using 1H NMR spectroscopy. The solvent was 
removed in vacuo to leave an oily solid. This was redissolved in minimum hexanes and 




separation method the yields are low and further purification was not possible. Single crystals 
of trans-4.3 suitable for X-ray crystallisation were obtained from a saturated hexanes solution 
at -40 °C. DFT calculations on both the cis and trans isomers calculate the trans isomer to be 
11.0 kJ mol-1 lower in energy. Yield (trans-4.3 + cis-4.3 = 28 mg + 40 mg = 19%. EI-MS 
(trans-4.3): expected 613.55, actual 613.66. 
Trans-4.3 
1H NMR (C6D6, 500 MHz,  298 K): δ = 7.13-6.87 (m, 6H, ArH), 4.98 (s, 2H, NCH), 4.41 (br, 1H, 
BH), 4.26 (sept, 3JHH = 6.8 Hz, 1H, CH(CH3)2), 3.81 (sept, 3JHH = 6.8 Hz, 1H, CH(CH3)2), 3.53 (m, 
1H, BCH), 3.16 (sept, 3JHH = 6.8 Hz, 1H, CH(CH3)2), 2.87 (sept, 3JHH = 6.8 Hz, 1H, CH(CH3)2), 2.83 
(s, 3H, NCH3), 1.79 (m, 2H, CH2), 1.79 (s, 2H CH2), 1.47 (s, 3H, C(CH2)(CH3)2), 1.46 (s, 3H, 
C(CH2)(CH3)2), 1.36 (d, 3JHH = 6.8 Hz 3H, CH(CH3)2), 1.29 (d, 3JHH = 6.8 Hz 3H, CH(CH3)2), 1.28 (s, 
3H, C(CH2)(CH3)2), 1. (s, 3H, C(CH2)(CH3)2), 1.20 (d, 3JHH = 6.8 Hz 3H, CH(CH3)2), 1.18 (d, 3JHH = 
6.8 Hz 3H, CH(CH3)2), 1. (d, 3JHH = 6.8 Hz 3H, CH(CH3)2,), 1.11 (d, 3JHH = 6.8 Hz 3H, CH(CH3)2), 
1.10 (s, 3H, C(CH2)(CH3)2), 0.84 (s, 3H, C(CH2)(CH3)2), 0.73 20 (d, 3JHH = 6.8 Hz 3H, CH(CH3)2), 
0.35 20 (d, 3JHH = 6.8 Hz 3H, CH(CH3)2) 
13C (C6D6, 91 MHz,  298 K): δ = 152.62 (Ar), 151.1 (Ar), 149.6 (Ar), 148.8 (Ar), 140.6(Ar), 140.5 
(Ar), 126.7 (Ar), 126.3 (Ar), 15.8 (Ar), 124.7 (ArH, 124.4 (Ar), 124.2 (Ar), 96.0 (NCH), 65.2 (BCH), 
62.9 (C(CH3)2(CH2)), 61.3 (C(CH3)2(CH2)), )), 59.7 (CH2), 56.6 (CH2) 43.1 (C(CH3)2(CH2)), 42.4 
(C(CH3)2(CH2), 32.6 (C(CH2)(CH3)2), 32.2 (NCH3), 30.8 (C(CH2)(CH3)2), 30.5 (CH(CH3)2), 30.0 
(C(CH2)(CH3)2), 29.8 (CH(CH3)2), 29.6 (C(CH2)(CH3)2) ,29.2 (C(CH2)(CH3)2) 28.9 (CH(CH3)2), 27.9 
(CH(CH3)2), 27.8 (CH(CH3)2), 27.2 (CH(CH3)2),26.8 (C(CH2)(CH3)2), 25.9 (C(CH2)(CH3)2), 25.5 
(C(CH2)(CH3)2), 25.4 (CH(CH3)2),25.0 (CH(CH3)2), 24.9 (CH(CH3)2), 24.8 (CH(CH3)2), 24.7 
(CH(CH3)2), 24.5 (CH(CH3)2).  
11B NMR (C6D6, 116 MHz, 298 K): δ = 44.3 (br) 
Cis-4.3 
1H NMR (C6D6, 500 MHz,  298 K): δ =  7.25-7.05 (m, 6H, ArH), 4.98 (s, 2H, NCH), 4.43 (br, 1H 
BH), 4.28 (sept, 3JHH = 6.8 Hz, 1H, CH(CH3)2), 3.88 (sept, 3JHH = 6.8 Hz, 1H, CH(CH3)2), 3.59 (m, 
1H, BCH), 3.55 (sept, 3JHH = 6.8 Hz, 1H, CH(CH3)2), 3.00 (sept, 3JHH = 6.8 Hz, 1H, CH(CH3)2), 2.86 
(s, 3H, NCH3), 1.74 (m, 2H, CH2), 1.71 (m, 2H, CH2), 1.46 (s, 3H, C(CH2)(CH3)2), 1.45 (d, 3JHH = 
6.8 Hz 3H, CH(CH3)2), 1.42 (d, 3JHH = 6.8 Hz 3H, CH(CH3)2), 1.24  (s, 3H, C(CH2)(CH3)2), 1.36 (d, 




CH(CH3)2), 1.30 (d, 3JHH = 6.8 Hz 3H, CH(CH3)2), 1.16 (d, 3JHH = 6.8 Hz 3H, CH(CH3)2), 1.15 (d, 3JHH 
= 6.8 Hz 3H, CH(CH3)2), 1.13 (s, 3H, C(CH2)(CH3)2), 0.99 (s, 3H, C(CH2)(CH3)2),  0.95 (s, 3H, 
C(CH2)(CH3)2), 0.93 (s, 3H, C(CH2)(CH3)2), 0.86 (s, 3H, C(CH2)(CH3)2), 0.78 (s, 3H, C(CH2)(CH3)2) 
Attempts to detect a cross peak of the B–H with NCH3 using NOESY were made, although this 
proved unsuccessful, most likely due to fast relaxation of the B–H proton. 
13C (C6D6, 91 MHz,  298 K) δ =   153.1 (Ar), 152.0 (Ar), 150.4 (Ar), 148.9 (Ar), 141.1(Ar), 140.4 
(ArH), 126.7 (Ar), 126.2 (Ar), 125.9 (Ar), 124.6 (Ar), 124.3 (Ar), 124.2 (Ar), 97.5 (NCH), 65.7 
(BCH), 63.3 (C(CH3)2(CH2)), 61.1 (C(CH3)2(CH2)), 59.9 (CH2) 56.7 (CH2) 42.5 (C(CH3)2(CH2)), 41.9 
(C(CH3)2(CH2)), 32.7 (C(CH2)(CH3)2 32.3 (NCH3) 31.0 (C(CH2)(CH3)2), 30.8 (C(CH2)(CH3)2 30.0 
(C(CH2)(CH3)2), 29.7 (CH(CH3)2), 29.4 (C(CH2)(CH3)2) ,29.4 (CH(CH3)2), 28.3 (C(CH2)(CH3)2), 27.9 
(CH(CH3)2), 27.6 (CH(CH3)2), 27.6 (CH(CH3)2), 27.5 (C(CH2)(CH3)2) 26.6 (CH(CH3)2),26.6 
(CH(CH3)2), 25.9 (C(CH2)(CH3)2) 25.9 (CH(CH3)2), 25.5 (CH(CH3)2), 24.7 (CH(CH3)2), 24.5 
(C(CH2)(CH3)2) 24.5 (CH(CH3)2) 
11B NMR (C6D6, 116 MHz, 298 K): δ = 45.8 (br) 
 





Figure S4.23 13C NMR spectra (C6D6, 91 MHz, 298 K) of trans-4.3. 
 
Figure S4.24 11B NMR (C6D6, 116 MHz, 298 K) of trans-4.3. 
  
Figure S4.25 1H NMR spectra (C6D6, 500 MHz, 298 K) of cis-4.3.Trace quantities of trans-4.3.and (CAACMe)H2 





Figure S4.26 13C NMR spectra (C6D6, 91 MHz, 298 K) of cis-4.3 
 
Figure S4.27 11B NMR (C6D6, 116 MHz, 298 K) of cis-4.3 
 




4.6.7 Reaction of [MeHN–BH2]n with stoichiometric NMeH2 
To a solution of [MeHN–BH2]n  (10 mg, 0.23 mmol) in THF (400 μL) was added NMeH2 (117 μL, 
0.233 mmol, 2 M in THF) at  22 °C. The reaction was monitored by 11B NMR spectroscopy 
which over 24 h revealed depolymerisation to (MeNH)2BH (δB = 27.4 ppm (d)]24 (40 %), 
[MeHN–BH2](3 or x) (39%), MeNH2·BH3 [δB -19.0 ppm (q))38 (6%) and an unidentified species (δB 
= 1.40 ppm). 
 
Figure S4.29 11B NMR spectra (THF, 96 MHz, 296 K) of the reaction mixture of [MeHN–BH2]n  and MeNH2 after 
24 h (*unidentified product) 
4.6.8 Supplementary tables 
4.6.5.2 X-ray crystallography 
X-ray data for 4.1 was carried out on a Bruker Microstar rotating anode diffractometer using 
Cu Kα radiation (λ = 1.54178) at 100 K.  The data for trans-4.3 was carried out on a Bruker 
Apex II diffractometer using MoKα radiation  (λ = 0.71073) Å at 150 K and 90 K respectively. 
The data collections were performed using a CCD area detector from a single crystal mounted 
on a glass fibre. Intensities were integrated51 and absorption corrections based on equivalent 
reflections using SADABS52 were applied. The structures were solved by the dual-space 
algorithm SHELXT53 and refined against all F2 in ShelXL54 using Olex2.55 All the non-hydrogen 
atoms were refined anisotropically.  
Hydrogen atoms bound to N1 and B1 in 4.1 were located directly from the electron density 
map, while all other hydrogen atoms were calculated geometrically and refined using a riding 
model. Although the refinement of 4.1 was not ideal as there is most likely further disorder 
which cannot be sensibly modelled, the refinement does confirm the anticipated structure.  
The H atom bound to B1 in trans-4.3 was located directly from the electron density map, while 
other H-atoms were calculated geometrically and refined with the riding model. Disordered 
portions of CAAC-derived moieties in the structure of trans-4.3 have the sum of the 




Table S4.3 Selected crystallographic data for 4.1 and trans-4.3. 
Compound 4.1 trans-4.3 
Crystal colour colourless colourless 
Empirical formula  C28H42BN3  C41H68BN3 
Formula weight  431.45  613.79 
Temperature/K  100(2)  150(2) 
Crystal system  monoclinic  triclinic 
Space group  C2/c  P-1 
a/Å  32.148(2)  10.207(2) 
b/Å  7.1932(5)  12.142(3) 
c/Å 24.0752(16) 16.578(4) 
α/°  90  84.428(15) 
β/°  91.149(3)  78.013(14) 
γ/°  90  71.931(12) 
Volume/Å3  5566.3(7)  1909.4(8) 
Z  8  2 
ρcalcg/cm3  1.030  1.068 
μ/mm-1  0.446  0.061 
F(000)  1888.0  680 
Radiation  CuKα (λ = 1.54178)  MoKα (λ = 0.71073) 
2Θ range for data collection/°  5.498 - 133.418  1.765 − 27.881 
Reflections collected  15989  30873 
Independent reflections  4832 30873 
Goodness-of-fit on F2  1.359  1.033 
Final R indexes [I>=2σ (I)]  R1 = 0.1084 
wR2 = 0.2912  
R1 = 0.0725 
wR2 = 0.1925 
Final R indexes [all data]  R1 = 0.1142 
wR2 = 0.3043  
R1 = 0.1159 
wR2 = 0.2178 
Largest diff. peak/hole / e Å-3  0.90/-0.45  0.720/ -0.510 
 
4.6.9 Supplementary data 
4.6.5.2 Cartesian coordinates and SCF energies of the calculated structures 
All calculations were performed using the Gaussian 09 suite.56 Energy values were calculated 
in the gas phase using the hybrid exchange-correlation functional PBE057,58 in combination 
with the split-valence double-ζ basis set 6-31+G(d,p).59–64 All stationary points were confirmed 
as a minimum by the lack of imaginary frequencies.
Cis-4.2;    EH = -955.75816717 
 
B                    -2.60653  -0.14278  -0.80824 
H                    -3.30412   0.80627  -0.87944 
N                    -0.66362  -0.01478   0.25811 
C                     0.01101  -1.31978   0.20569 
H                     0.18156  -1.59238  -0.81486 
H                     0.94746  -1.25809   0.71965 
H                    -0.60492  -2.05877   0.6741 
C                    -3.07514  -1.56498  -1.50125 
C                    -4.15932  -2.2325   -0.66757 
H                    -2.16804  -2.21805  -1.55665 
C                    -5.35413  -2.49227  -1.57367 
C                    -5.05804  -1.86744  -2.92952 
H                    -5.52791  -3.59256  -1.68225 




N                    -3.63824  -1.32018  -2.89407 
C                    -3.99121  -1.45501  -4.31467 
C                    -3.59726  -2.58823  -5.02678 
C                    -4.72006  -0.45013  -4.95071 
C                    -3.93155  -2.71614  -6.37478 
C                    -5.05537  -0.57838  -6.29887 
C                    -4.66114  -1.71108  -7.01098 
H                    -3.62052  -3.60904  -6.93629 
H                    -5.6304    0.2139   -6.79998 
H                    -4.92465  -1.81218  -8.07383 
C                    -6.06027  -0.73741  -3.22981 
H                    -5.53992   0.19603  -3.28297 
H                    -6.54478  -0.92939  -4.16431 
H                    -6.79247  -0.69372  -2.45078 
C                    -5.20622  -2.91379  -4.04969 
H                    -5.36182  -2.41632  -4.98414 
H                    -4.31667  -3.50589  -4.10462 
H                    -6.04313  -3.54619  -3.8386 
C                    -3.64227  -3.55073  -0.06214 
H                    -3.29744  -3.37406   0.93525 
H                    -4.43459  -4.26961  -0.04351 
H                    -2.83555  -3.92442  -0.6575 
C                    -4.56621  -1.3236    0.50713 
H                    -3.77143  -1.28825   1.22266 
H                    -4.76259  -0.33676   0.14315 
H                    -5.44733  -1.71428   0.97179 
C                    -5.15524   0.80072  -4.16483 
H                    -4.72338   0.77521  -3.18618 
C                    -6.6906    0.8251   -4.04792 
H                    -6.97033   0.78848  -3.01578 
H                    -7.06756   1.72466  -4.48792 
H                    -7.10068  -0.02089  -4.55882 
C                    -4.6766    2.06388  -4.90437 
H                    -4.73027   2.90499  -4.24517 
H                    -3.66542   1.92704  -5.22637 
H                    -5.30156   2.23726  -5.75541 
C                    -2.79164  -3.69695  -4.32442 
H                    -1.86259  -3.29654  -3.97594 
C                    -2.51708  -4.84038  -5.31879 
H                    -1.95711  -4.46405  -6.14929 
H                    -1.95721  -5.61067  -4.83083 
H                    -3.44613  -5.24088  -5.66716 
C                    -3.59773  -4.23854  -3.12922 
H                    -3.03517  -5.0043   -2.63724 
H                    -3.79421  -3.44269  -2.44154 
H                    -4.52389  -4.64495  -3.47846 





Trans-4.2; EH = -955.76102151 
 
B                    -2.60653  -0.14278  -0.80824 
H                    -2.66291   0.09597  -1.96246 
N                    -0.66362  -0.01478   0.25811 
C                     0.38905   0.38341  -0.68753 
H                     0.14899   1.33793  -1.10726 
H                     1.32549   0.4451   -0.17357 
H                     0.45887  -0.34296  -1.4701 
C                    -3.97174  -0.57176   0.01314 
C                    -4.85409   0.64479   0.25293 
H                    -3.64369  -1.01389   0.98746 
C                    -6.2358    0.33946  -0.30715 
C                    -6.16916  -1.00991  -1.00798 
H                    -6.99234   0.31247   0.51721 
H                    -6.55628   1.13846  -1.02154 
N                    -4.77832  -1.58643  -0.78487 
C                    -5.63554  -2.71778  -1.16711 
C                    -6.19361  -3.53384  -0.1827 
C                    -5.89112  -2.97539  -2.51391 
C                    -7.00651  -4.60765  -0.54512 
C                    -6.70504  -4.04889  -2.87657 
C                    -7.26263  -4.86509  -1.89246 
H                    -7.44591  -5.2513    0.23073 
H                    -6.90671  -4.25152  -3.93853 
H                    -7.90365  -5.71177  -2.17798 
C                    -6.44592  -0.84645  -2.51406 
H                    -5.57117  -1.11503  -3.06866 
H                    -7.2579   -1.48255  -2.79859 
H                    -6.70098   0.17182  -2.72137 
C                    -7.24438  -1.96107  -0.45049 
H                    -7.43846  -2.73623  -1.16209 
H                    -6.89724  -2.39504   0.46387 
H                    -8.14452  -1.41281  -0.26592 
C                    -4.93816   0.96478   1.75697 
H                    -4.21848   1.71765   2.00222 
H                    -5.91986   1.31981   1.99175 
H                    -4.73457   0.0792    2.32195 
C                    -4.2572    1.88335  -0.44083 
H                    -3.37014   2.18784   0.07424 
H                    -4.01583   1.64242  -1.45503 
H                    -4.97092   2.68035  -0.42374 
C                    -5.27543  -2.0746   -3.6007 
H                    -4.6032   -1.37673  -3.14683 
C                    -6.39609  -1.30894  -4.32836 
H                    -6.2554   -0.25691  -4.19291 
H                    -6.36693  -1.54117  -5.37245 
H                    -7.34457  -1.59675  -3.92531 
C                    -4.50658  -2.94387  -4.61304 
H                    -3.86211  -2.32282  -5.19943 




H                    -5.20193  -3.44303  -5.25509 
C                    -5.9103   -3.2497    1.30411 
H                    -4.85975  -3.33312   1.4893 
C                    -6.66761  -4.26934   2.17498 
H                    -6.3402   -5.25864   1.93211 
H                    -6.47066  -4.072     3.20802 
H                    -7.71817  -4.18582   1.98989 
C                    -6.38167  -1.82586   1.65352 
H                    -6.17878  -1.62604   2.68493 
H                    -5.86027  -1.11786   1.04378 
H                    -7.43345  -1.74439   1.47462 
H                    -0.52584  -0.19943   1.23121 
 
Cis-4.3 EH = -1790.30222930 
 
B                    -2.60653  -0.14278  -0.80824 
H                    -2.66291   0.09597  -1.96246 
N                    -0.66362  -0.01478   0.25811 
C                     0.38905   0.38341  -0.68753 
H                     0.14899   1.33793  -1.10726 
H                     1.32549   0.4451   -0.17357 
H                     0.45887  -0.34296  -1.4701 
C                    -0.33383  -1.32613   0.83475 
C                    -1.01232  -1.50106   2.18605 
H                    -0.69482  -2.10223   0.11382 
C                     1.24938  -1.73736   2.53696 
C                     0.06873  -1.7707    3.22298 
H                    -0.123    -2.74037   3.74714 
H                     0.06796  -0.9688    4.00359 
N                     1.16815  -1.45406   1.04391 
C                     2.49372  -2.06694   0.87616 
C                     3.64499  -1.30475   1.07642 
C                     2.60057  -3.41047   0.5169 
C                     4.90279  -1.88586   0.91677 
C                     3.85868  -3.99217   0.35813 
C                     5.00971  -3.23009   0.55786 
H                     5.81027  -1.28499   1.07399 
H                     3.94262  -5.05161   0.07527 
H                     6.00155  -3.68807   0.4321 
C                     3.52654   0.17885   1.47201 
H                     3.15916   0.25251   2.47426 
C                     1.32992  -4.25206   0.29604 
H                     0.79072  -4.33225   1.21676 
C                     4.9116    0.84611   1.38264 
H                     4.81587   1.89399   1.57673 
H                     5.56613   0.40761   2.10666 
H                     5.31515   0.70034   0.40243 
C                     2.55179   0.8892    0.51447 
H                     2.36487   0.26342  -0.33309 
H                     1.63109   1.08492   1.02329 
H                     2.98216   1.8128    0.18791 
C                     0.44113  -3.57187  -0.76178 
H                    -0.52847  -3.38814  -0.34823 
H                     0.88464  -2.64395  -1.05701 
H                     0.34967  -4.21093  -1.6151 
C                     1.72411  -5.65843  -0.19215 
H                     2.31619  -6.14275   0.55603 
H                     0.84033  -6.23325  -0.37494 
H                     2.2897   -5.57645  -1.09675 
C                     2.18455  -0.72882   3.2297 
H                     3.20115  -1.03415   3.09474 
H                     2.04354   0.24122   2.80071 
H                     1.95874  -0.69281   4.27498 
C                     1.83387  -3.14048   2.78435 
H                     1.26627  -3.86468   2.23822 
H                     2.85241  -3.16529   2.45747 
H                     1.78904  -3.36638   3.82928 
C                    -1.80932  -0.23654   2.55669 
H                    -2.81743  -0.33663   2.21234 
H                    -1.80615  -0.11166   3.61938 
H                    -1.35813   0.61727   2.09589 
C                    -2.01461  -2.6692    2.13655 
H                    -2.76854  -2.52409   2.88183 
H                    -2.47139  -2.70651   1.16967 
H                    -1.50031  -3.58863   2.32377 
C                    -3.97174  -0.57176   0.01314 
C                    -4.85409   0.64479   0.25293 
H                    -3.64369  -1.01389   0.98746 
C                    -6.2358    0.33946  -0.30715 
C                    -6.16916  -1.00991  -1.00798 
H                    -6.99234   0.31247   0.51721 
H                    -6.55628   1.13846  -1.02154 
N                    -4.77832  -1.58643  -0.78487 
C                    -5.63554  -2.71778  -1.16711 
C                    -6.19361  -3.53384  -0.1827 
C                    -5.89112  -2.97539  -2.51391 
C                    -7.00651  -4.60765  -0.54512 
C                    -6.70504  -4.04889  -2.87657 
C                    -7.26263  -4.86509  -1.89246 
H                    -7.44591  -5.2513    0.23073 
H                    -6.90671  -4.25152  -3.93853 
H                    -7.90365  -5.71177  -2.17798 
C                    -6.44592  -0.84645  -2.51406 
H                    -5.57117  -1.11503  -3.06866 
H                    -7.2579   -1.48255  -2.79859 
H                    -6.70098   0.17182  -2.72137 
C                    -7.24438  -1.96107  -0.45049 
H                    -7.43846  -2.73623  -1.16209 
H                    -6.89724  -2.39504   0.46387 
H                    -8.14452  -1.41281  -0.26592 
C                    -4.93816   0.96478   1.75697 




H                    -5.91986   1.31981   1.99175 
H                    -4.73457   0.0792    2.32195 
C                    -4.2572    1.88335  -0.44083 
H                    -3.37014   2.18784   0.07424 
H                    -4.01583   1.64242  -1.45503 
H                    -4.97092   2.68035  -0.42374 
C                    -5.27543  -2.0746   -3.6007 
H                    -4.6032   -1.37673  -3.14683 
C                    -6.39609  -1.30894  -4.32836 
H                    -6.2554   -0.25691  -4.19291 
H                    -6.36693  -1.54117  -5.37245 
H                    -7.34457  -1.59675  -3.92531 
C                    -4.50658  -2.94387  -4.61304 
H                    -3.86211  -2.32282  -5.19943 
H                    -3.92151  -3.66974  -4.08797 
H                    -5.20193  -3.44303  -5.25509 
C                    -5.9103   -3.2497    1.30411 
H                    -4.85975  -3.33312   1.4893 
C                    -6.66761  -4.26934   2.17498 
H                    -6.3402   -5.25864   1.93211 
H                    -6.47066  -4.072     3.20802 
H                    -7.71817  -4.18582   1.98989 
C                    -6.38167  -1.82586   1.65352 
H                    -6.17878  -1.62604   2.68493 
H                    -5.86027  -1.11786   1.04378 
 
Trans-4.3 EH = -1790.30641009 
 
B                    -2.30853  -0.35945  -0.00574 
H                    -2.76679   0.62424   0.45768 
N                    -0.74416  -0.58104   0. 
C                    -0.42977  -1.87163  -0.62963 
H                    -0.78643  -1.87261  -1.63843 
H                     0.62965  -2.0217   -0.62574 
H                    -0.90368  -2.66     -0.08301 
C                    -0.25416  -0.5797    1.38593 
C                    -0.88731   0.55761   2.17498 
H                    -0.53217  -1.56693   1.83366 
C                     1.39144   0.85959   2.27679 
C                     0.23317   1.43061   2.72178 
H                     0.16442   1.50565   3.83596 
H                     0.14982   2.47026   2.3161 
N                     1.25538  -0.38909   1.41751 
C                     2.64112  -0.74656   1.75347 
C                     3.69777  -0.21242   1.01546 
C                     2.89965  -1.61964   2.81008 
C                     5.01259  -0.55186   1.33364 
C                     4.21486  -1.95851   3.12912 
C                     5.27129  -1.42491   2.39104 
H                     5.84547  -0.13138   0.75159 
H                     4.41842  -2.6466    3.96253 
H                     6.30806  -1.69236   2.64176 
C                     3.41181   0.75065  -0.15173 
H                     3.05322   1.68204   0.23404 
C                     1.73348  -2.20917   3.62501 
H                     1.22113  -1.42097   4.13603 
C                     4.70745   0.98996  -0.94899 
H                     4.49223   1.59196  -1.807 
H                     5.41961   1.49376  -0.32937 
H                     5.11075   0.05046  -1.26454 
C                     2.3463    0.13388  -1.07688 
H                     2.22161  -0.90136  -0.83681 
H                     1.41663   0.64596  -0.94126 
H                     2.66035   0.22851  -2.09537 
C                     0.75538  -2.92674   2.67631 
H                    -0.22284  -2.50814   2.78927 
H                     1.08245  -2.8013    1.66528 
H                     0.72696  -3.96933   2.91524 
C                     2.2828   -3.21554   4.65314 
H                     2.93868  -2.71061   5.3312 
H                     1.47002  -3.64788   5.19846 
H                     2.82138  -3.98738   4.14412 
C                     2.21188   1.93606   1.54217 
H                     3.25518   1.72347   1.64816 
H                     1.9516    1.93642   0.50431 
H                     1.99893   2.89623   1.96362 
C                     2.14025   0.532     3.582 
H                     1.65358  -0.28179   4.07778 
H                     3.1497    0.2591    3.3552 
H                     2.13775   1.39107   4.21988 
C                    -1.82169   1.38483   1.27262 
H                    -2.81608   0.99486   1.33611 
H                    -1.81746   2.40514   1.59488 
H                    -1.48076   1.32923   0.25992 
C                    -1.74613   0.00022   3.32534 
H                    -2.50075   0.71304   3.58483 
H                    -2.20964  -0.91268   3.01443 
H                    -1.1247   -0.18699   4.17604 
C                    -3.30143  -1.50353  -0.65974 
C                    -4.62788  -1.547     0.08505 
H                    -2.77273  -2.48601  -0.57262 
C                    -5.74341  -1.35819  -0.93279 
C                    -5.10185  -1.06707  -2.28188 
H                    -6.37473  -2.28036  -0.9934 
H                    -6.41651  -0.51834  -0.62776 
N                    -3.59317  -1.18589  -2.11951 
C                    -3.86175  -1.30201  -3.5601 
C                    -3.95417  -2.56147  -4.15312 
C                    -4.0243   -0.1531   -4.33414 
C                    -4.20843  -2.67191  -5.52001 
C                    -4.27961  -0.26341  -5.70128 




H                    -4.28067  -3.66459  -5.98762 
H                    -4.40814   0.64262  -6.31125 
H                    -4.57208  -1.60986  -7.37202 
C                    -5.47921   0.34687  -2.76143 
H                    -4.59898   0.95312  -2.81196 
H                    -5.92712   0.28686  -3.73131 
H                    -6.17373   0.78306  -2.07419 
C                    -5.61062  -2.05711  -3.34611 
H                    -5.46093  -1.64132  -4.32059 
H                    -5.07083  -2.97734  -3.2642 
H                    -6.65359  -2.24055  -3.19296 
C                    -4.7904   -2.88842   0.82382 
H                    -4.47894  -2.77531   1.84122 
H                    -5.81706  -3.18862   0.79638 
H                    -4.18811  -3.63337   0.34716 
C                    -4.68042  -0.43486   1.14899 
H                    -4.00729  -0.67188   1.94625 
H                    -4.3948    0.49631   0.706 
H                    -5.67567  -0.35628   1.53396 
C                    -3.92256   1.23722  -3.67974 
H                    -3.62075   1.12968  -2.65884 
C                    -5.29466   1.93398  -3.73872 
H                    -5.63858   2.1292   -2.74448 
H                    -5.20334   2.85699  -4.27221 
H                    -5.99542   1.29985  -4.24045 
C                    -2.88313   2.08558  -4.4357 
H                    -2.61068   2.93092  -3.83899 
H                    -2.01421   1.49301  -4.63252 
H                    -3.30229   2.42224  -5.36082 
C                    -3.77357  -3.82967  -3.29833 
H                    -2.79216  -3.8357   -2.87205 
C                    -3.95614  -5.07609  -4.18416 
H                    -3.22716  -5.06693  -4.96736 
H                    -3.83052  -5.95724  -3.59027 
H                    -4.93759  -5.07013  -4.61032 
C                    -4.82288  -3.84276  -2.17122 
H                    -4.69316  -4.72059  -1.57332 
H                    -4.70028  -2.97336  -1.55966 
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Chapter 5  
Extension of the substrate scope of the 
CAAC-mediated 
dehydropolymerisation of 
phosphine-boranes and studies of the 
reactivity of IDipp–BH2NMeH 
5.1 Introductory comments 
This chapter consists of two quite different but short projects which extend the work reported 
in Chapters 2 and 4. Firstly, the extension of the substrate scope of the CAAC-mediated 
dehydropolymerisation of phosphine-boranes to PEt2H·BH3, MePhPH·BH3 and nHex2PH·BH3 will 
be discussed together with efforts to synthesise the copolymers [Ph2P–BH2]n-r-[PhHP–BH2]m. 
This will be followed by a section which describes reactivity of the carbene-aminoborane 
adduct IDipp–BH2NMeH both thermally and upon the addition of Lewis bases.  
5.2 Abstract 
Cyclic (alkyl)(amino)carbenes (CAACs) have been reported to successfully dehydrogenate a 
series of phosphine-boranes, which subsequently undergo a head-to-tail polymerisation. 
Using this method the first examples of P-disubstituted polyphosphinoboranes were reported 
[RR’P–BH2]n (R = R’ = Ph; R = Ph, R’ = Et), albeit with low isolated yields and only small quantities 
of high molar mass material. Herein we report the results of an extension of this methodology 
to three additional phosphine-boranes: rac-Ph(Me)PH·BH3, Et2PH·BH3 and nHex2PH·BH3. With 
rac-Ph(Me)PH·BH3 and nHex2PH·BH3 a small quantity of high molar mass material is formed; 
however, no improvement on previously reported substrates is observed. The dehydrogenation 
of Et2PH·BH3 results in insoluble, semi-crystalline [Et2P–BH2]n. Attempts were made to prepare 
the copolymer [Ph2P–BH2]n-r-[PhHP–BH2]m from PhPH2·BH3 and Ph2PH·BH3; however, 
concomitant formation of the homopolymers [Ph2P–BH2]n and [PhHP–BH2]n was detected. 
The carbene-aminoborane adduct IDipp–BH2NMeH was found to thermally either undergo a 





the N-heterocyclic carbene (NHC) giving [(HCNDipp)2CH2BNHMe] (5.2) or converting into 
IDipp–BH2·NMeBH·NMeH (5.3). The product distribution has a dependence on reaction 
temperature, concentration and solvent polarity.  
Attempts were made to regenerate [MeHN–BH2]n from IDipp–BH2NMeH by releasing the 
monomer MeHN=BH2 using the Lewis acids Cl2B=NPh2, BCl3 or B(C6F5)3 to abstract the 
carbene. This, however, proved to be unsuccessful and was not a feasible strategy for 
regenerating [MeHN–BH2]n. 
5.3 Extension of the substrate scope of the CAAC-mediated 
dehydropolymerisation of phosphine-boranes 
5.3.1 Introduction 
The polymerisation of P-disubstituted phosphine-boranes using a CAAC-mediated 
dehydrogenation route was discussed in Chapter 2.1 Although this method allowed access to 
the first examples of high molar mass P-disubstituted polyphosphinoboranes [PhEtP–BH2]n 
and [Ph2P–BH2]n, there were a number of drawbacks. The isolated yields were low as a 
significant amount of oligomeric material was formed which was removed through 
precipitation into hexanes, and in each case GPC analysis showed a bimodal distribution with 
only a minor high molar mass peak (Figure 5.1). Furthermore, with the diphenyl substrate, 
Ph2PH·BH3, the linear dimer Ph2PH·BH2–PPh2·BH3 was also formed and proved difficult to 
separate from the polymer (Scheme 5.1). 
 






Figure 5.1 GPC trace of the products of the reaction between Ph2PH·BH3 and CAACMe  after work up to 
exemplify the minor high molar mass component. (CAACMe)H2 is removed through precipitation of the reaction 
mixture into cold (-40 °C) hexanes.1 
We were interested in identifying a P-disubstituted phosphine-borane monomer which can 
undergo dehydropolymerisation to produce a greater quantity of high molar mass material 
than the previous substrates (PhEtPH·BH3 and Ph2PH·BH3). 
Copolymerisations have previously been reported in polyaminoborane chemistry. The 
homopolymer [H2N–BH2]n is insoluble; however, when H3N·BH3 is copolymerised with 
MeNH2·BH3 the soluble, high molar mass copolymer [H2N–BH2]n-r-[MeHN–BH2]m can be 
synthesised (Scheme 5.2a).2 A second example is the synthesis of the copolymers [RHN–
BH2]n-r-[R’HN–BH2]m (R = allyl; R’ = (CH2)(C6H5X); X = Br, H) which are fully soluble in THF. The 
homo-depolymerisations of RH2N·BH3 (R = allyl) or R’H2N·BH3 (R’ = (CH2)(C6H5X); X = Br, H) 
































We targeted the synthesis of copolymers comprising both Ph2P–BH2 and PhHP–BH2 repeat 
units. We envisioned that incorporating P-monosubstituted units may allow for the synthesis 
of more high molar mass material by creating a spacer between the more sterically 
encumbered P-disubstituted units. Although, if successful, this strategy would not result in a 
fully P-disubstituted polymer, it would be interesting to investigate the material properties of 
a high molar mass, partially P-disubstituted polyphosphinoborane. 
5.3.2 Results and discussion  
5.3.2.1 Polymerisation of rac-Ph(Me)PH·BH3 using CAACMe 
The methylated adduct rac-Ph(Me)PH·BH3 was selected as a candidate for the 
CAAC-mediated polymerisation because a potential reason for the low yield of high molar 
material formed with the ethyl analogue, rac-Ph(Et)PH·BH3, could be the presence of 
additional steric bulk due to the Et substituent disfavouring the formation of high molar mass 
material. Replacing the Et substituent with a Me substituent would decrease the steric 
encumbrance of the monomer and allow for the study of the effect of steric bulk on the yield 
of high molar mass material. 
CAACMe and rac-Ph(Me)PH·BH3 (1:1) were dissolved in toluene at 22 °C and immediate 
conversion to two new species was observed using 31P NMR spectroscopy (δP = 6.8 ppm (s) 
and 10.0 ppm (s) (Figure S5.1). These species are assigned as the diastereomeric products of 
the insertion of the P–H bond into the carbene centre, CAACMe(H)PhMePBH3. Heating the 
solution (4 M, 100 °C, 24 h) effected complete conversion to (CAACMe)H2 and a new 
phosphorus containing species (δP = -34.1 ppm (s)). Removal of (CAACMe)H2 through 
precipitation into hexanes and ESI-MS analysis of the isolated product confirmed the presence 
of the repeat unit ∆(m/z) = 136 (molecular weight of PhMeP–BH2 = 136.1) (Figure S5.5); 
however, as for the case of [Ph2P–BH2]n  and [PhEtP–BH2]n, GPC analysis showed a bimodal 
distribution with only small fraction (ca. 18 %) of high molar mass material (Mn = 38,400 Da; 
Ð = 1.31) (Figure S5.6). 
 





5.3.2.2 Polymerisation of Et2PH·BH3 using CAACMe 
Thus far there have been no reported examples of P-disubstituted polyphosphinoboranes 
with two alkyl substituents on phosphorus. Et2PH·BH3 was chosen as a substrate to explore 
as it would produce a monomer with low steric bulk whilst avoiding the use of gaseous 
dimethylphosphine. Et2PH·BH3 was targeted over MeEtPH·BH3 due to the commercial 
availability of Et2PH. 
The P–H activation compound, CAACMe(H)Et2PBH3 (5.1), was synthesised either through a 
direct reaction of CAACMe with Et2PH·BH3 (Scheme 5.4a), or through a stepwise approach 
involving activation of PEt2H at the carbene centre followed by addition of BH3·SMe2 (Scheme 
5.4b).  
 
Scheme 5.4 Synthesis of 5.1 through a direct P–H activation of Et2PH·BH3; and b a stepwise approach. 
Single crystals suitable for X-ray diffraction were grown from a saturated hexanes solution at 
-40 °C which allowed the identity of the product to be confirmed as CAACMe(H)Et2PBH3 (Figure 
5.2).  11B and  31P NMR spectra (Figure S5.9 and Figure S5.10) both showed single peaks 







Figure 5.2 Thermal ellipsoid plot of CAACMe(H)Et2PBH3 (5.1). Ellipsoids are shown at the 30% probability level. 
H atoms other than those on C5 and B1 have been omitted for clarity. 
We found that 5.1 was significantly more thermally stable than CAACMe(H)PRR’BH3 
(R = H, R’ = Ph; R = R’ = Ph; R = Ph, R’ = Et and R = Ph, R’ = Me) and must be heated to 140 °C 
for hydride transfer from B to C to occur at an appreciable rate (Scheme 5.5). Over 24 h in 
o-xylenes, full conversion of 5.1 was observed together with formation of a white precipitate 
which was insoluble in common solvents. Both the 11B and 31P NMR spectra of the soluble 
part of the reaction mixture showed two peaks, one major and one minor, with similar 
chemical shifts (δB = ca. -35 ppm and δP  = ca. -29 ppm) (Figure S5.14a and Figure S5.15a). The 
31P NMR peaks were broad and no coupling was detected; however, the 11B spectra showed 
a distinctive coupling pattern of the major peaks. The decoupled 11B NMR spectrum showed 
a triplet and the coupled spectrum showed further splitting of each peak into a triplet of 
triplets, indicative of a ~PEt2–BH2–PEt2~ system where the boron couples to two B–H 
hydrogens and to two adjacent phosphorus atoms. ESI-MS analysis on the soluble portion of 
the reaction mixture confirmed the presence of the repeat unit ∆(m/z) = 102 (molecular 
weight of Et2P–BH2 = 102.1) (Figure S5.16). The combination of the NMR and ESI-MS data led 
us to assign the soluble product as oligomeric [Et2P–BH2]x with the minor peaks in the 11B and 






Scheme 5.5 CAAC-mediated dehydropolymerisation of Et2PH·BH3. 
Solid state 1H, 13C, 11B and 31P CP-MAS NMR spectroscopy was carried out on the insoluble 
material. The 11B and 31P spectra showed peaks with very similar chemical shifts to the soluble 
material which suggested that the soluble and insoluble material were structurally related 
(Figure S5.14b and Figure S5.15b). From this we postulated that the insoluble material is 
polymeric [Et2P–BH2]n. The solid state 13C NMR spectrum showed two sets of two peaks 
(δc = 19.8 and 17.7 ppm; 9.5 and 8.9 ppm) which correspond to the CH2 and CH3 protons of 
the ethyl substituents respectively. We tentatively attribute the presence of two sets of peaks 
to be due to the formation of both cyclic and linear species (Figure S5.13). 
The thermal behaviour of the insoluble material was investigated using differential scanning 
calorimetry (DSC) and thermogravimetric analysis (TGA). It should be noted that when the 
glass transition temperature (Tg) values of a series of polyphosphinoboranes are compared to 
the Tg values of the analogous polyolefins the polyolefins present higher transition 
temperatures (Table 5.1). This has been postulated to be due to the polyphosphinoboranes 
having a higher degree of torsional flexibility in the main chain as the P–B bond length 
(1.9 – 2.0 Å) is greater than the C–C bond length (ca. 1.54 Å), reducing steric interaction 
between substituents and generating free volume which facilitates the polymer motion.4 
Based purely on this data the Tg value of [Et2P–BH2]n would be predicted to be lower 
than -73 °C; however, surprisingly, the Tg must be above room temperature as the material is 










Table 5.1 Tg values for a series of analogous polyolefins and polyphosphinoboranes. 


















*No reported data for [Et2C–CH2]n. 
The TGA analysis of our material showed the decomposition temperature T5% to be 160 °C 
(Figure S5.17) and DSC showed an apparent glass transition (Tg) of 141 °C (Figure S5.18). We 
were initially concerned that the transition we were observing was not a Tg and was in some 
way related to o-xylene being trapped within the polymer chain, of which there is some 
evidence in the CP-MAS 1H NMR (Figure S5.12), as the boiling point of o-xylene is 144 °C. To 
probe this issue further the polymerisation was carried out under identical conditions; 
however, mesitylene was used rather than o-xylene as the solvent. If trapped solvent was 
responsible for the transition observed in the DSC trace it would be expected to shift to a 
higher temperature (ca. 165 °C in the mesitylene) due to the higher boiling point. The DSC 
thermogram conversely showed a shift to a lower temperature (132 °C) (Figure S5.19), leading 
us to believe that the transition observed is a property of the polymer formed and not trapped 
solvent. Mesitylene, with the higher boiling point, was harder to fully remove from the 
isolated polymer, so more remained and has a greater plasticising effect, explaining why the 
Tg is shifted to a slightly lower temperature when mesitylene was used as the solvent. 
In an attempt to explain why the Tg value of [Et2P–BH2]n appeared anonymously high we 
carried out powder XRD analysis on the sample. Both crystalline and amorphous regions were 





S5.19). The polymer chains in the amorphous regions may also enter the crystallites, resulting 
in restricted conformational motion and explaining the high Tg value. As only the amorphous 
fraction of the material will display a glass transition this may also explain why the transition 
appears to be fairly weak.5 We were confident that the transition observed in the DSC trace 
was a Tg as a opposed to a Tm  based on the peak shape as Tg represents a second order 
transition. The Tm of the crystalline fraction may be higher than the decomposition 
temperature, and hence above the temperature range for the DSC measurement (-80 to 
160 °C). 
5.3.2.3 Polymerisation of nHex2PH·BH3 using CAACMe  
Following the synthesis of insoluble [Et2P–BH2]n the polymerisation was attempted using 
nHex2PH·BH3 as an alternative substrate as it was anticipated that increasing the length of the 
alkyl chain would increase solubility (Scheme 5.6). Upon heating a solution of CAACMe and 
nHex2PH·BH3 in o-xylene at 130 °C for 24 h, 11B and 31P NMR spectroscopy showed formation 
of new species (δB =-36.5 ppm (br) and δP = -28.5 (br) and -31.5 (br)) (Figure S5.22 and Figure 
S5.23) with chemical shifts similar to those assigned as [Et2P–BH2]n. Attempts to separate the 
(CAACMe)H2 by product from the reaction mixture were unsuccessful. ESI-MS analysis of the 
crude reaction mixture confirmed the presence of the repeat unit ∆(m/z) = 214 (molecular 
weight of nHex2P–BH2 = 214.2) (Figure S5.24) and GPC analysis showed the presence of a very 
small amount of high molar mass material (Mn = 89,600 Da; Ð = 1.06) (Figure S5.25). These 
results indicated that a small amount of soluble high molar mass [nHex2P–BH2]n had been 
synthesised along with a significant quantity of oligomeric material.  
 
Scheme 5.6 CAAC-mediated dehydropolymerisation of nHex2PH·BH3. 
5.3.2.4 Attempted synthesis of the copolymers [Ph2P–BH2]n-r-[PhHP–BH2]m mediated by 
CAACMe  
We hypothesised that copolymerisation of PhPH2·BH3 with Ph2PH·BH3 might yield a larger 
quantity of high molar mass material containing a substantial proportion of P-disubstituted 





ESI-MS data of the isolated material were compared to that of the homopolymerisations of 

















Ph n  
Scheme 5.7 Copolymerisation of PhPH2·BH3 with Ph2PH·BH3 using CAACMe. 
Peaks corresponding to PhHP–BH2 repeat units were observed in the 31P NMR spectra of all 
the samples in which PhPH2·BH3 was used. The linear dimer, Ph2PH·BH2–PPh2·BH3, was 
similarly observed in all the samples in which Ph2PH·BH3 is used; however, the repeat unit 
Ph2P–BH2 was only convincingly observed when over 50 % of the disubstituted monomer is 
used (Figure 5.3). GPC analysis on each of the samples showed the presence of high molar 
mass material in each case (Mn = 17,000 – 35,000 Da; Ð = 1.19 – 1.52); however, there were 
significant quantities of oligomeric material (Figure S5.28).   
 
Figure 5.3 31P NMR spectra (122 MHz, 25 °C, CDCl3) of the isolated material from the copolymerisations of 
PhPH2·BH3 with Ph2PH·BH3. 
From the NMR and GPC data it was not possible to establish whether copolymerisation had 
occurred as it is possible that the PhHP–BH2 and Ph2P–BH2 units observed in the 31P NMR 
spectra were a result of the formation of homopolymers, [PhHP–BH2]n and [Ph2P–BH2]n. 
ESI-MS of the attempted copolymerisations showed a distribution of peaks that were not 
present in either of the homopolymer spectra (Figure 5.4). Furthermore it was possible to 





Ph2P–BH2 (m/z = 198) (Figure 5.4). Although this provided evidence that the copolymer 
[Ph2P–BH2]n-r-[PhHP–BH2]m had been synthesised, distributions which can be assigned to the 
homopolymers were detected in the copolymerisation samples, suggesting that the isolated 
material contained a combination of [Ph2P–BH2]n, [PhHP–BH2]m and [Ph2P–BH2]n-r-[PhHP–BH2]m. 
 
Figure 5.4 ESI(+)-MS spectrum in positive mode in THF:IPA (1:9) of the isolated material from the 
polymerisations of a PhPH2·BH3; b PhPH2·BH3 with Ph2PH·BH3 (50:50); and c Ph2PH·BH3. 
5.3.3 Conclusions 
We have attempted the CAAC-mediated dehydropolymerisation of three P-disubstituted 
phosphine-boranes, rac-Ph(Me)PH·BH3, Et2PH·BH3 and nHex2PH·BH3. With rac-Ph(Me)PH·BH3 
the dehydropolymerisation was successful; however, as with previously reported [PhEtP–BH2]n, 
the yield of isolated material was low and only a small quantity of high molar mass [PhMeP–BH2]n  
was detected using GPC analysis. This showed that decreasing the sterics of the second 
phosphorus substituent, when the first is phenyl, did not facilitate the formation of larger 
quantities of high molar mass material. The dehydropolymerisation Et2PH·BH3 required more 
forcing conditions (140 °C) to proceed and resulted in the formation of an insoluble material 
which has been assigned as [Et2P–BH2]n. This material has been identified as semi-crystalline 
using powder XRD which can be used to explain the unusually high Tg value. Owing to its 
insolubility, the molar mass of [Et2P–BH2]n could not be determined. Attempts to synthesise 
a soluble P-dialkyl substituted polyphosphinoborane through increasing the length of the alkyl 
chain were made using nHex2PH·BH3 as the substrate. Although CAACMe-mediated 
dehydrogenation is successful only a trace of high molar mass material was produced and 





The copolymerisation of PhPH2·BH3 with Ph2PH·BH3 was attempted and ESI-MS indicated that 
a mixture of [Ph2P–BH2]n, [PhHP–BH2]m and [Ph2P–BH2]n-r-[PhHP–BH2]m was formed. Neither 
a molar mass nor yield of the copolymer was reported as distinguishing it from the 
homopolymers using 31P NMR spectroscopy or GPC analysis was not possible. 
5.4 Studies of the reactivity of IDipp–BH2NMeH 
5.4.1 Introduction  
In 2013 our group reported the synthesis of the NHC-aminoborane adduct, IDipp–BH2NMeH, 
and more recently this compound has been structurally characterised (Chapter 4).6 This 
adduct can be synthesised either through the stoichiometric reaction of 
IDipp (IDipp = 1,3-bis(2,6-diisopropylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene)  with 
poly(N-methylaminoborane), [MeHN–BH2]n, or the reaction of two equiv. of IDipp with 
MeNH2·BH3. In the first case IDipp acts to both depolymerise [MeHN–BH2]n and trap the 
aminoborane monomers which are released (Scheme 5.8a). With MeNH2·BH3 one equivalent 
of IDipp acts to dehydrogenate the amine-borane and the second equivalent traps the 
aminoborane monomer (Scheme 5.8b). We were interested in further exploring the reactivity 
of the adduct. 
 
Scheme 5.8 Syntheses of IDipp–BH2NMeH.6 
It has been reported by Rivard et al.  that the aminoborane adduct IDipp–BH2NHDipp 
undergoes a 5- to 6-membered ring expansion reaction to give [(HCNDipp)2CH2BNHDipp] 
upon heating through the insertion of the borane into the C–N bond of the NHC (Scheme 
5.9).7 We were interested to investigate whether the adduct, IDipp–BH2NMeH, would 
undergo the same thermal transformation.  
 





Our group demonstrated that it was possible to abstract the NHC from the adduct IDipp–BH2NiPr2 
with one equiv. of the strong Lewis acids, tri-pentafluorophenylborane, B(C6F5)3 or Ph2N=BCl2 
(Scheme 5.10).6,8 These displacement reactions are reported to be successful as strong Lewis 
acids form stronger B–C bonds with the carbene centre than iPr2N=BH2. 
 
Scheme 5.10 Previously reported displacement of aminoboranes by Lewis acids.6,8 
We postulated that it should be possible to carry out a displacement reaction with IDipp–BH2NMeH 
and a Lewis acid, analogous to those reported above with IDipp–BH2NiPr2, to release the 
aminoborane monomer, MeHN=BH2, which may undergo a head-to-tail polymerisation to 
regenerate poly(N-methylaminoborane), [MeHN–BH2]n. A successful head-to-tail 
polymerisation of aminoborane monomers was reported in 2017 by Alcaraz et al. in which 
iPr2N=BH2 is used as a BH2 transfer agent to yield the desired aminoborane monomer for 
polymerisation.9 If the proposed displacement and subsequent polymerisation are successful 
this would provide a method of recycling polyaminoboranes, an attractive target in the field 
of polymer science (Scheme 5.11). As we have discovered that substoichiometric quantities 
of NHC cause catalytic depolymerisation of [MeHN–BH2]n (Chapter 4) it is important that the 
Lewis acid added forms a strong bond with the carbene centre. 
 






5.4.2 Results and discussion  
5.4.2.1 Thermal reactivity of IDipp–BH2NMeH 
Upon heating a concentrated solution of IDipp–BH2NMeH to 80 °C for 24 h, full conversion of 
the adduct was observed with two new major peaks being observed in the 11B NMR spectrum  
at δB = 30.6 ppm (br), tentatively assigned as the product of  a 5- to 6-member ring expansion 
(5.2) (Scheme 5.9),7 and an unknown species at δB= -18.3 ppm (t) (3JBH = 89 Hz)  in a ca. 2:1 
ratio. The 1H NMR spectrum of the reaction mixture showed the presence of four IDipp 
containing species and a peak which corresponds to dihydrogen (Figure 5.5).  
  
Figure 5.5 Representative 1H NMR spectrum (C6D6, 500 MHz, 298 K) of the reaction mixture of the thermolysis 
of IDipp–BH2NMeH (run 1). 
IDipp10 and (IDipp)H211,12 were identified based on literature data and 5.2 was identified based 
on the similarity of the 1H and 11B NMR data to that of [(HCNDipp)2CH2BNHDipp].7 Crystals 
grown from the reaction mixture at 22 °C allowed identification of the final product as IDipp–
BH2·NMeBH·NMeH (5.3) using X-ray crystallography (Figure 5.6). The C1–B1 and B1–N3 bond 
lengths in 5.3 are 1.626(2) Å and 1.532(2) Å, respectively, and were very similar to the 
analogous bonds in IDipp–BH2NMeH (1.631(3) Å and 1.525(3) Å). The lengths of N3–B2 
(1.408(2) Å) and B2–N4 (1.411(2) Å) were almost identical and close to the reported average 





geometries (Σangles = 360 °). The 11B chemical shift of B1 (δB = -18.3 ppm (t)) is comparable to 
that of the analogous boron in IDipp–BH2NMeH [δB -17.0 ppm (t)] and the chemical shift of 
B2 (δB = 32.6 (br)) can be compared to that of [MeNBH]3.14 The observation of only one septet 
(albeit broad) and two doublets, which are assigned to the Dipp isopropyl groups, using 1H 
NMR spectroscopy indicated that there is free rotation around the C1–B1 bond under 
ambient conditions (Figure S5.29). 
 
Figure 5.6 Thermal ellipsoid plot of IDipp–BH2NMeBHNMeH (5.3). Ellipsoids are shown at the 30% probability 
level. H atoms other than those on B1, H2A and N4 have been omitted for clarity. 
5.3 contains a trapped iminoborane unit (MeN≡BH), the inorganic analogue of propyne. 
Iminoboranes are challenging to isolate as the core B–N bond is highly polar which makes the 
species vulnerable to cyclooligomerisation.15 In 2015 Rivard et al. reported the first stable 
molecular adduct containing HB≡NH using a donor acceptor approach in which the 
iminoborane is sandwiched between a Lewis-base and Lewis-acid.16 In this work the 
iminoborane unit is trapped by an electron donating amide and electron accepting borenium 

















We postulated that IDipp–BH2NMeH is in equilibrium with the free NHC and aminoborane 
monomer and, upon heating, one of two irreversible reactions can occur. Either a ring 
expansion reaction, analogous to that reported by Rivard et al.,7 to give 5.2 (Scheme 5.12a) 
or a dehydrocoupling reaction between IDipp–BH2NMeH and free aminoborane monomer to 
yield 5.3 (Scheme 5.12b). 
 
Scheme 5.12 Proposed routes to a [(HCNDipp)2CH2BNMeH]; and  b IDipp–BH2NMeBHNMeH. 
Based on the above equilibrium altering the reaction conditions should affect the product 
distribution (Table 5.2). Increasing the concentration (run 1 vs run 2 vs run 3) was found to 
increase the quantity of the dehydrocoupling product. This was anticipated as this is a 
bimolecular reaction.  Higher temperatures (run 4 vs run 2 vs run 5) favoured 5.2, and we 
attribute this to the ring expansion being a unimolecular process with an expected negligible 
entropy of activation (ΔS‡), whereas the ΔS‡ for the bimolecular dehydrocoupling process 
should be large and negative and therefore less favoured at high temperatures. Increasing 
the solvent polarity from benzene to THF (run 2 vs run 6) increased the ratio of the 
dehydrocoupling product, which we attribute is due to stabilisation of the aminoborane 
monomer and consequent shift of the equilibrium to the free NHC and monomer rather than 
the adduct. When a further equivalent of IDipp was added to the 1:1 reaction mixture full 
conversion to the ring expansion product was observed using 1H and 11B NMR spectroscopy 












Solvent Ratio of 5.2:5.3a 
1 0.46 80 C6D6 38:62 
2 0.09 80 C6D6 76:24 
3 0.02 80 C6D6 86:14 
4 0.09 100 C6D6 95:5 
5 0.09 60 C6D6 39:61 
6 0.09 80 THF-d8 67:33 
7b 0.09 80 C6D6 100:0 
aDetermined by integrating the CH2 peak (δH = 3.43 ppm) of 5.2 and the NHC backbone peak (δH = 6.43 ppm) of 
5.3 in the 1H NMR spectra, bextra equivalent of IDipp added. 
5.4.2.2 Attempts to regenerate [MeHN–BH2]n from IDipp–BH2NMeH by addition of Lewis 
acids 
Following the successful displacement of iPr2N=BH2 in IDipp–BH2NiPr2 with Ph2N=BCl28 the 
analogous reaction with IDipp–BH2NMeH was attempted. A stoichiometric quantity of 
IDipp–BH2NMeH in toluene was added to a solution of Ph2N=BCl2 in toluene at 22 °C (Scheme 
5.14). Within 10 min quantitative consumption of IDipp–BH2NMeH and formation of multiple 
new species were detected using 11B NMR spectroscopy (δB = 30.7 ppm (br) (ca. 49%), 8.0 
ppm (s) (ca. 2%), 2.5 ppm (br) (trace) and -16.1 ppm (br) (ca. 49%))  (Figure S5.33). A small 
amount of white precipitate was also observed. The trace signal at δB = 2.5 ppm was 
tentatively assigned as the adduct IDipp–BCl2NPh2 (δB = 1.2 ppm (s)).8 There was no evidence 
using 11B NMR spectroscopy of [MeHN–BH2]n (δB = -6 ppm (br))17 being generated. 1H NMR 
spectroscopy on the reaction mixture in CDCl3 showed a peak at δH = 10.01 ppm, which was 
indicative of an imidazolium salt, [IDippH]+X-, being formed.  
The reaction of IDipp–BH2NMeH with one equiv. of BCl3 was carried out so a comparison of 
the species formed could be made (Scheme 5.14). Full consumption of IDipp–BH2NMeH was 
observed after 10 min and again multiple species were formed as detected by 11B NMR 
spectroscopy (δB = 34.1 ppm (br) (ca. 20%), 7.8 ppm (s) (ca. 13%), 7.4 ppm (s) (ca. 54%), 3.1 
ppm (br) (ca. 3%), -5.3 ppm (br) (trace) and -17.9 ppm (br) (ca. 9%)) (Figure S5.36). The peak 
with chemical shift δB = 3.1 ppm has tentatively been assigned as the adduct IDipp–BCl3.18 
Similar to the analogous reaction with Ph2N=BCl2 a white precipitate was observed to form 
and 1H NMR analysis in CDCl3 shows a peak characteristic of an imidazolium proton 
(δH = 9.53 ppm). 
We anticipate that the presence of a N–H bond and a B–Cl bond in the reaction mixtures 





subsequently reacts with IDipp, giving [IDippH]Cl, thus explaining the formation of the white 
precipitate and the presence of an imidazolium proton signal in the 1H NMR spectrum 
(Scheme 5.13). This side reaction does not present a problem in the previously reported 
displacement reaction of IDipp–BH2NiPr2 as, due to the disubstituted nitrogen, there are no 
N–H bonds available (Scheme 5.10b). 
 
Scheme 5.13 Postulated route for the formation of [IDippH]Cl.  
The observation of a broad peak (δB = -5.3 ppm (br) (trace)) in the 11B NMR spectrum of the 
reaction between IDipp–BH2NMeH and BCl3 led us to further investigate the reaction mixtures 
as [MeHN–BH2]n would be expected to display a similar boron signal. GPC analysis was carried 
out on the reaction mixtures with both Ph2N=BCl2 and BCl3 and a small amount of high molar 
mass material (Mn  = 26,100 Da; Ð = 1.56 and Mn = 26,600 Da; Ð = 1.81) was detected in each 
case (Figure S5.34 and Figure S5.37). ESI-MS showed the presence of material with the 
anticipated monomer repeat unit (m/z = 43.1) (Figure S5.35 and Figure S5.38). The weak 
signal in the GPC spectrum coupled with trace signals corresponding to [MeHN–BH2]n in the 
11B NMR spectra leads us to determine that only trace quantities of polymer are being 
regenerated from the adduct (Scheme 5.14). As regeneration of the polymer was the goal of 
these experiments, no further investigations were carried out to probe the identity of the 







Scheme 5.14 Reaction of IDipp–BH2NMeH with Ph2N=BCl2 or BCl3. 
In an attempt to avoid the unwanted side reactions postulated to be occurring as a result of the 
B–Cl bonds in the Lewis acid we reacted IDipp–BH2NMeH with one equiv. of B(C6F5)3.19 B(C6F5)3 
was selected due to its previous success in abstracting the NHC from IDipp–BH2NiPr2.6 Within 
1 h full consumption of IDipp–BH2NMeH was observed and three new species were detected 
using 11B NMR spectroscopy (δB = -5.0 ppm (s) (35%), -17.1 ppm (br) (19%) and -24.8 ppm (d, 1JHB 
= 83.7 Hz) (47%)) (Figure S5.39). There was no evidence of the broad peak (δB = ca. -6 ppm) 
characteristic of the formation of [MeHN–BH2]n or a singlet corresponding to IDipp–B(C6F5)3 
(δB = -15.6 ppm).20 The doublet with an 11B chemical shift of -24.8 ppm has been assigned as 
the tris(pentafluorophenyl)borane hydride anion, H[B(C6F5)3]-.20 We postulate that B(C6F5)3 
abstracts a hydride at boron from IDipp–BH2NMeH, rather than abstracting the NHC; 
however, the structure of the compound formed has not been determined. We predict that 
the extra steric encumbrance arising from the presence of the two isopropyl groups at 
nitrogen in IDipp–BH2NiPr2 prevent B(C6F5)3 accessing and abstracting a hydride and thus the 
successful displacement reaction occurs (Scheme 5.10a).  
 
Scheme 5.15 Reaction of IDipp–BH2NMeH with B(C6F5)3. 
5.4.3 Conclusions 
We have studied both the thermal reactivity of IDipp–BH2NMeH and the reactivity with a 
number of Lewis acids. Upon heating IDipp–BH2NMeH two new boron containing products 
have been observed to form, the first of which has been identified as the product of a 
5- to 6-membered ring expansion reaction, 5.2. The second product has been isolated and 
characterised using X-ray crystallography to reveal the structure as IDipp–BH2·NMeBH·NMeH 
(5.3). We postulate that this species is the product of a dehydrocoupling reaction between 





adduct being in equilibrium with the free NHC and monomer. The relative distribution of 5.2 
and 5.3 can be tuned by varying concentration, temperature or solvent polarity.  
Reactions of IDipp–BH2NMeH with the Lewis bases Ph2N=BCl2, BCl3 and B(C6F5)3 were 
investigated with the goal of abstracting the NHC and releasing [MeHN–BH2] to facilitate a 
head-to-tail polymerisation. Although [MeHN–BH2]n was detected using a combination of GPC 
and ESI-MS analysis in the reactions with Ph2N=BCl2 and BCl3 the polymer was only formed in 
trace amounts based on the 11B NMR spectra. The observation of a white precipitate forming 
in each case led us to postulate that HCl is being released from the reaction of an N–H bond 
with a B–Cl bond and forming the imidazolium sat [IDippH]Cl. In the reaction with B(C6F5)3 the 
formation of the anion [HB(C6F5)3]- was detected using 11B NMR spectroscopy. We anticipate 
that B(C6F5)3 is abstracting a hydride from the B–H bond of the adduct. As our goal was to 
reform the polymer from the adduct further investigations to determine the identity of all the 
products formed with Ph2N=BCl2, BCl3 and B(C6F5)3 have not been carried out.  
Although the idea of releasing MeHN=BH2 from the adduct, with the goal of regenerating the 
polymer, would represent a significant development in polyaminoborane chemistry it has to 
be noted that this is not a particularly plausible route. If a Lewis acid was found to successfully 
abstract the NHC and not react with the adduct in any other way, a challenge in itself, it is to 
be expected that higher concentration of the reaction solution would favour high molar mass 
material. As a large quantity of IDipp–BH2NMeH can theoretically release only a small amount 
of MeHN=BH2, for example 100 mg of adduct would release only 10 mg of monomer, solubility 
becomes an issue when attempting to obtain a high concentration of monomer. 
5.5 Supporting information  
5.5.1 General procedures, reagents and equipment 
All manipulations were carried out either under an atmosphere of nitrogen gas using standard 
vacuum line and Schlenk techniques, or under an atmosphere of nitrogen within an M. Braun 
glovebox MB150G-B maintained at < 0.1 ppm of H2O and < 0.1 ppm of O2. All solvents were 
dried via a Grubbs design solvent purification system21 except o-xylenes and mesitylene which 
were dried over activated molecular sieves (4Å) and degassed prior to use. Deuterated 





Benzene-d6, toluene-d8 and THF-d8 were dried and vacuum distilled from sodium-
benzophenone ketyl and chloroform-d was dried, and vacuum distilled from CaH2 prior to 
storing over activated molecular sieves (4 Å).  NMR spectra were recorded using Bruker 300 
MHz, Bruker 360 MHz and Bruker 500 MHz and Bruker 300 MHz NMR spectrometers. 1H NMR 
spectra were calibrated using the residual protio signal of the solvent (δ 1H (C6D6) = 7.16 ppm, 
1H(toluene-d8) = 2.08, 1H(THF-d8) = 3.58, 1.72 and 1H(CDCl3) = 7.26). 13C NMR spectra were 
calibrated using the solvent signal (δ 13C(C6D6) = 128.0 ppm). 11B NMR spectra were calibrated 
against external standards (11B: BF3·OEt2 (δ 11B = 0.0 ppm). All chemical shifts are given in ppm 
(parts per million). 
CAACMe,22 rac-Ph(Me)PH·BH3,23 PCl2(NEt2)24 BH2NMeH,6 IDipp10 and Ph2N=BH26 were 
prepared according to literature procedures. B(C6F5)3 was purchased from Sigma Aldrich and 
purified using sublimation prior to use. All other chemicals were purchased from Sigma 
Aldrich and used as received. 
GPC was performed on a Malvern RI max Gel Permeation Chromatograph, equipped with an 
automatic sampler, a pump, an injector, and inline degasser. The columns (1 x T5000 and 
1 x T3000) were contained within an oven (35 °C) and consisted of styrene/divinyl benzene 
gels. Sample elution was detected by means of a differential refractometer. THF (Fisher), 
containing 0.1 wt.% [nBu4N]Br, was used as the eluent at a flow rate of 1 mL min-1. Samples 
were dissolved in the eluent (2 mg mL-1) and filtered through a poly(tetrafluoroethylene) 
membrane of 200 nm pore size before analysis. The calibration was conducted using 
monodisperse polystyrene standards obtained from Aldrich. The lowest and highest 
molecular weight standards used were 1,200 Da and 4,200,000 Da respectively.  
Solid state NMR was run on a Bruker Avance III 400 MHz spectrometer. 1H spectra were 
referenced to adamantane (δ = 1.85 ppm), 13C spectra were referenced to glycine 
(δ = 176.5 ppm), 11B spectra were referenced to NaBH4 (δ = -42.1 ppm) and 31P spectra were 
referenced to [NH4][H2PO4] (δ = 0.9 ppm). 
Electrospray ionisation mass spectrometry (ESI-MS) was performed using a MSQ Plus single 
quadrupole mass spectrometer (Thermo, MA).  The instrument assembly includes a 515 HPLC 
pump (Waters, MA) with a flow rate set to 0.2 mL min-1. A 50:50 solvent mixture was used 
comprising of Mili-Q™ water (Millipore, ON) and Optima™ Methanol (Fisher Chemical, NH). 





infusion mode.  Mass spectrometer parameters include cone voltage set to 75 V, mass range 
set to 50-2000 m/z and scan time 1 second.   
Powder XRD diffraction patterns were collected using a Bruker D8-Advance X-ray 
diffractometer equipped with a LynxEye silicon strip detector using copper Kα1 and Kα1 
radiation and a nickel filter (40 kV, 40 mA). 
Differential scanning calorimetry (DSC) thermograms were measured using a DSC25 device 
with a heating/cooling rate of 10 °C min-1 and thermal gravimetric analysis (TGA) was carried 
out using an SDT Q600 device with a heating rate of 5 °C min-1 under a nitrogen atmosphere. 
Air-sensitive mass spectrometry experiments were conducted using a Finnigan Trace DSQ 
system with Direct Probe Controller (Thermo, MA).  Samples were loaded in flared glass direct 
injection probe sample cups in a glovebox under an inert atmosphere then transferred in vials 
to a chamber flushed with N2 that was connected to the DSQ instrument.  The sample cup was 
then inserted into the MS probe and then probe was inserted into the vacuum lock system of 
the probe inlet system then into the MS source of the DSQ.  The sample was heated to 350 °C 
with the following temperature program (40 °C hold 1 min, ramp 60 °C min-1 to 350 °C hold 1 
min).  The DSQ MS was scanned continuously in EI mode from 100-1000 Da to analyse the 
thermally volatile analytes.  The DSQ MS ion source temperature was set to 150 °C and 
electron energy set to 40eV during analysis. 
5.5.2 Polymerisation of rac-Ph(Me)PH·BH3 using CAACMe  
CAACMe (736 mg, 2.58 mmol) and rac-Ph(Me)PH·BH3 (356 mg, 2.58 mmol) were dissolved in 
toluene (650 μL) in a sealed J. Young Schlenk and heated to 100 °C for 24h. The reaction 
mixture was added dropwise into 20 mL of rapidly stirred cold hexanes at -40 °C yielding a 
precipitate and the supernatant was decanted. The precipitation was repeated twice more 
prior to drying in vacuo to leave an off-white powder. GPC analysis showed a bimodal 
distribution with ca. 18% corresponding to high molar mass material.  Yield (precipitated 
material) = 100 mg (29 %). 
1H NMR (300 MHz, 298 K, CDCl3): δ = 7.83- 6.94 (m, br, Ar), 1.80 – 0.61 (m, br, BH2, CH3). 
11B NMR (96 MHz, 298 K, CDCl3): δ = -29.1 (br). 






Figure S5.1 31P{1H} (left) and 31P (right) NMR spectra (122 MHz, 298 K, toluene) of the reaction mixture of Ph-
MePH·BH3 and CAACMe prior to heating showing formation of CAACMe(H)PhMePBH3. 
 
Figure S5.2 1H NMR spectrum (300 MHz, 298 K, CDCl3) of isolated [PhMeP–BH2]n formed from PhMePH·BH3 and 
CAACMe  (*denotes residual partially protiated CDCl3, ~denotes trace hexanes, #unidentified impurity). 
 
Figure S5.3 11B{1H} (left) and 11B (right) NMR spectra (96 MHz, 298 K, CDCl3) of isolated [PhEtP–BH2]n formed 
from PhMePH·BH3 and CAACMe..    
 
Figure S5.4 31P{1H} (left) and 31P (right) NMR spectra (122 MHz, 298 K, CDCl3) of isolated [PhEtP–BH2]n formed 






Figure S5.5 ESI(+)-MS spectrum in positive mode in THF:IPA (1:9) of isolated [PhMeP–BH2]n formed from 
PhMePH·BH3 and CAACMe. The predominant species, highlighted in yellow, is a linear system with a CAACMe end 
group (H-[PhMeP–BH2]n-CAACMe)+. 
 
Figure S5.6 GPC chromatogram of isolated [PhMeP–BH2]n formed from PhMePH·BH3 and CAACMe. 2 mg mL-1 in 






5.5.3 Polymerisation of Et2PH·BH3 using CAACMe 
5.5.3.1 Synthesis of PEt2H·BH3 
BH3·THF (1M in THF, 13.3 mL, 0.0133 mmol) was added slowly to PEt2H (10 wt.% in hexanes, 
1.0 g, 0.011 mmol) at -78 °C. The reaction was slowly warmed to 22 °C and stirred for 1 h. The 
solvent was removed in vacuo to leave a colourless oil which was filtered through a PTFE 
membrane (pore size 450 nm). Yield = 810 mg (70%). 
11B, 31P and 1H NMR data matches that previously reported.25 
5.5.3.2 Synthesis of CAACMe(H)Et2PBH3 (5.1) 
Method A 
CAACMe (1.00 g, 3.50 mmol) was dissolved in hexanes (5 mL) and added to PEt2H·BH3 (364 mg, 
3.50 mmol) in hexanes (5 mL). The reaction was stirred for 15 min and the solvent removed 
in vacuo. No work up was carried out prior to polymerisation. NMR data matches that of 
Method B. 
Method B 
CAACMe (400 mg, 1.40 mmol) was dissolved in THF (2 mL) and PEt2H (133 mg, 1.47 mmol) 
added dropwise. The reaction mixture was stirred for 10 min prior to volatiles being removed 
in vacuo to give CAAC(H)PEt2. CAAC(H)PEt2 (192 mg, 0.511 mmol) was dissolved in THF (1 mL) 
and cooled to -40°C. BH3·SMe2 (2M in toluene, 0.27 mL, 0.54 mmol) was added and the 
reaction stirred for 15 min prior to the solvent being removed in vacuo. The product was 
recrystallised from hexanes at -40 °C. Yield = 42 mg (39%).  
1H NMR (CDCl3, 500 MHz, 298 K): δ = 7.19-7.16 (m, 1H, Dippp), 7.09-7.07 (m, 2H Dippm), 4.05 
(s, 1H, NCH), 3.93 (sept, 1H, 3JHH = 6.8, CH(CH3)2) , 3.05 (sept, 1H, J = 6.8, CH(CH3)2), 2.06 (m, 
2H, CH2), 1.72 (m, 1H, PCH2CH3), 1.63 (m, 1H, PCH2CH3), 1.62 (s, 3H, NC(HP)C(CH3)2), 1.57 (s, 
3H, NC(CH3)2), 1.41 (s, 3H, C(H)(P)C(CH3)2), 1.38 (d, 3H, 3JHH = 6.8, CH(CH3)2), 1.25 (d, 3H, 3JHH 
= 6.8, CH(CH3)2), 1.23 (d, 3H, 3JHH = 6.8, CH(CH3)2), 1.18 (d, 3H, 3JHH = 6.8, CH(CH3)2),  1.00 (m, 
3H, PCH2CH3), 0.79 (m, 3H, PCH2CH3), 0.89 (s, 3H, NC(CH3)2)0.56 (m, 3H, BH3) 
13C NMR (CDCl3, 126 MHz, 298 K): δ = 150.3 (Ar), 147.4 (Ar), 144.3 (Ar), 126.8 (Ar), 125.9 (Ar), 
124.5 (Ar), 73.4 (NCP), 64.3 (NC(CH3)2), 60.2 (CH2), 43.3 (NC(HP)C(CH3)2), 32.8 
(NC(HP)C(CH3)2), 32.4 (NC(HP)C(CH3)2), 28.8 (NC(CH3)2), 28.6 (NC(CH3)2), 28.5 (CH(CH3)2), 27.5 
(CH(CH3)2), 26.8 (CH(CH3)2), 25.6 (CH(CH3)2), 24.8 (CH(CH3)2), 24.5 (CH(CH3)2), 16.0 (CH3CH2), 





11B{1H} NMR (CDCl3, 96 MHz, 295 K): δ = -40.3 (d, 1JBP = 44 Hz) 
11B NMR (CDCl3, 96 MHz, 295 K): δ = -40.3 (m) 
31P{1H} (CDCl3, 122 MHz, 298 K): δ = 26.1 (d, 1JBP = 50 Hz) 
31P (CDCl3, 122 MHz, 298 K): δ = 26.1 (m) 
Elemental analysis for C24H45BNP: (calcd/expt): C(74.02/74.00), H(11.65/11.95), N(3.60/3.54). 
 
Figure S5.7 1H NMR spectrum (CDCl3, 500 MHz, 298 K) of 5.1. 
 






Figure S5.9 11B{1H} (left) and 11B (right) NMR spectra (CDCl3, 96 MHz, 295 K) of 5.1. 
 
Figure S5.10 31P{1H} (left) and 31P (right) NMR spectra (CDCl3, 122 MHz, 298 K) of 5.1. 
 





5.5.3.3 Synthesis of [Et2P–BH2]n 
The material synthesised in 5.5.3.2 (Method A) was dissolved in o-xylenes (1.7 mL) and heated 
to 140 °C for 24 h. Full consumption of CAACMe(H)Et2PBH3 was detected using 11B NMR 
spectroscopy and a white precipitate can be observed to form. The reaction mixture was 
centrifuged, and the xylene soluble fraction decanted off. The white precipitate (insoluble in 
THF, toluene and hexanes) was washed with a combination of these solvents to leave a white 
powder. Yield = 101 mg (28%). 
1H NMR (CP-MAS): δ = 1.33 (br) 
13C NMR (CP-MAS): δ = 19.8, 17.7, 9.5, 8.9 
11B{1H} NMR (CP-MAS): δ = -37.7 
31P{1H} NMR (CP-MAS): δ = -22.3 
 
Figure S5.12 1H NMR (CP-MAS) of [Et2P–BH2]n (*postulated to be residual o-xylene trapped within the polymer 
chains). 
 






Figure S5.14 a 11B NMR (o-xylene, 96 MHz, 298 K) and b 11B NMR (CP-MAS) of [Et2P–BH2]n  (*denotes possible 
end group). 
 







Figure S5.16 ESI(+)-MS spectrum in positive mode in THF:IPA (1:9) of isolated [Et2P–BH2]n formed from 
Et2PH·BH3 and CAACMe   
5.5.3.4 Thermal analysis of [Et2P–BH2]n 
 






Figure S5.18 DSC thermogram for [Et2P–BH2]n synthesised in o-xylene (heating rate: 10 °C min-1 and first cycle 
excluded). 
 







Figure S5.20 Powder XRD spectrum of [Et2P–BH2]n synthesised in o-xylene.. 
5.5.4 Polymerisation of nHex2PH·BH3 using CAACMe 
5.5.4.1 Synthesis of nHex2PH·BH3 
This procedure is adapted from that of a synthesis reported for nHexPH2·BH3.26 
nHexLi (2.6 M in hexanes, 34.0 mL, 0.0689 mol) dissolved in Et2O (60 mL) was added to a 
solution of (Et2N)PCl2 (5.33 g, 0.0306 mol) in Et2O (40 mL) at -78 °C over 15 min. The reaction 
was stirred for a further 15 min at -78 °C and for 2 h at 22 °C before cooling back to -78 °C. 
HCl (2M in Et2O, 28.0 mL, 0.0643 mol) was added over 15 min prior to stirring for 1 h at -78 °C 
and 18 h at 22 °C. The reaction was filtered to leave a white solid which was washed with Et2O 
(120 mL). The solvent was removed in vacuo to leave a colourless oil. 31P NMR spectroscopy 
was used to confirm synthesis of nHex2PCl. Yield = 6.50 g (90 %) 
nHex2PCl (6.50 g, 0.0275 mol) was redissolved in Et2O (40 mL) and added to slurry of LiBH4 
(628 mg, 0.0288 mmol) in Et2O (60 mL) at 0 °C  over 20 min. The reaction was stirred at 22 °C 
for 18 h prior to removing the solvent in vacuo, extracting into hexanes (50 mL) and filtering. 
The product was isolated as a colourless oil after removing the solvent in vacuo. Yield = 4.78 g 
(80 %). 






5.5.4.2 Synthesis of [nHex2P–BH2]n 
CAACMe (300 mg, 1.05 mmol) and nHex2PH·BH3 (227 mg, 1.05 mmol) were dissolved in 
o-xylenes (500 μL) in a sealed J. Young Schlenk and heated to 130 °C for 24 h. 11B and 31P NMR 
spectroscopy showed full conversion to a new phosphorus and boron species. The solvent 
was removed in vacuo to leave a viscous oil. Further purification to separate the (CAACMe)H2 
by product from the P–B containing product has not been successful. 
1H NMR (300 MHz, 298 K, CDCl3): δ = 1.58 – 0.76 (m, br, BH2, CH2, CH3). 
11B NMR (96 MHz, 298 K, CDCl3): δ = -36.5 (br). 
31P NMR (122 MHz, 298 K, CDCl3): δ = -28.5 (br), -31.5 (br). 
 
Figure S5.21 1H NMR spectrum (300 MHz, 298 K, CDCl3) of the crude reaction of CAACMe and nHex2PH·BH3 
(~denotes residual partially protiated CDCl3,*denotes (CAACMe)H2). 
 
Figure S5.22 11B{1H} (left) and 11B (right) NMR spectra (96 MHz, 298 K, CDCl3) of the crude reaction of CAACMe 
and nHex2PH·BH3. 
 
Figure S5.23 31P{1H} (left) and 31P (right) NMR spectra (122 MHz, 298 K, CDCl3) of the crude reaction of CAACMe 







Figure S5.24 ESI(+)-MS spectrum in positive mode in THF:IPA (1:9) of the material from the crude reaction of 
CAACMe and nHex2PH·BH3.The predominant species, highlighted in yellow, is a linear system with a CAACMe end 
group (H-[nHex2P–BH2]n-CAACMe)+. 
 
Figure S5.25 GPC chromatogram of the material from the crude reaction of CAACMe and nHex2PH·BH3. 
2 mg mL-1 in THF with 0.1 w/w% nBu4NBr in the THF eluent (*oligomeric material and (CAACMe)H2). 
5.5.5 Attempted synthesis of copolymers [Ph2P–BH2]n-r-[PhHP–BH2]m using CAACMe 
CAACMe (115 mg, 0.403 mmol) and PhPH2·BH3/Ph2PH·BH3 (quantities shown in Table S5.1) 





MS and GPC analysis were carried out after precipitation of the reaction mixture into cold 
(-40 °C) hexanes. 
Table S5.1 Copolymerisation of PhPH2·BH3 with Ph2PH·BH3. 
Run PhPH2·BH3 : Ph2PH·BH3 PhPH2·BH3 Ph2PH·BH3 
mg mmol mg mmol 
1 100:0 50 0.40 0 0 
2 95:5 45 0.36 8 0.04 
3 75:25 37 0.30 20 0.10 
4 50:50 25 0.20 40 0.20 
5 25:75 12 0.10 60 0.30 
6 5:95 5 0.04 72 0.36 
7 0:100 0 0 80 0.40 
  
Figure S5.26 31P{1H} NMR spectra (122 MHz, 298 K, CDCl3) of the isolated material from the copolymerisations 
of PhPH2·BH3 with Ph2PH·BH3 (*unreacted Ph2PH·BH3). 
 
Figure S5.27 ESI(+)-MS spectrum in positive mode in THF:IPA (1:9) of the isolated material from the 






Figure S5.28 GPC chromatograms of the isolated material from the copolymerisations of PhPH2·BH3 with 
Ph2PH·BH3. 2 mg mL-1 in THF with 0.1 w/w% nBu4NBr in the THF eluent. 
5.5.6 Thermolysis of Dipp–BH2NMeH 
5.5.6.1 Synthesis of ring expansion product (5.2) 
IDipp–BH2NMeH (280 mg, 0.633 mmol) was dissolved in toluene (10 mL) and heated at 80 °C 
for 24 h.  The solvent was removed in vacuo to leave a yellow oil. Purification and 
crystallisation attempts were unsuccessful. 





5.5.6.2 Synthesis of IDipp–BH2·NMeBH·NMeH (5.3) 
IDipp–BH2NMeH (100 mg, 0.230 mmol) was dissolved in C6D6 (500 μL) and heated to 80 °C for 
24 h. 1H NMR spectroscopy of the reaction mixture showed the presence of several NHC 
containing species (Figure 5.5). Single crystals of IDipp–BH2·NMeBH·NMeH suitable for X-ray 
diffraction were grown from the reaction mixture over 1 week at 22 °C and sent for analysis. 
Remaining crystals were purified by washing with hexanes. Yield = 4 mg (8%). EI-MS: expected 
471.39, actual 471.39.  
1H NMR (C6D6, 500 MHz,  298 K): δ =  7.26-7.22 (m, 2H, Dippp), 7.12-7.10 (m, 4H, Dippm), 6.37 
(s, 2H, NCH), 4.30 (br, 1H, NH), 2.85 (s, 3H, NB2(CH3)), 2.74 (m, 4H, CH(CH3)2), 2.59 (d, 
3JHH = 5.7 Hz, 3H, NH(CH3)), 1.39 (d, 3JHH = 5.8 Hz, 12 H, CH(CH3)2), (d, 3JHH = 5.8 Hz, 12 H, 
CH(CH3)2). B–H signals not detected. 
13C (C6D6, 91 MHz,  298 K): δ =  175.9 (CB), 145.8 (Ar), 134.9 (Ar), 130.1 (Ar), 123.9 (Ar), 122.5 
(NCH), 44.6 (NCH3), 32.2 (NHCH3), 28.9 (CH(CH3)2), 25.8 (CH(CH3)2), 22.7 (CH(CH3)2). The 
carbene carbon was assigned using 1H,13C-HMBC. 
11B NMR (C6D6, 116 MHz, 298 K): δ = 32.6 (br, B), -18.3 (t, 1JBH = 89 Hz, BH2). 
 
Figure S5.29 1H NMR spectra (C6D6, 500 MHz, 298 K) of 5.3 (*denotes residual partially protiated C6D6). 
 









Figure S5.31 11B{1H} (left) and 11B (right) NMR spectra (THF, 116 MHz, 298 K) of 5.3 (*unidentified impurity). 
 
Figure S5.32 EI (+) mass spectrum of 5.3. 
5.5.7 Addition of Lewis acids to IDipp–BH2NMeH 
5.5.7.1 Attempted regeneration of [MeHN–BH2]n from IDipp–BH2NMeH with Ph2N=BCl2 
To a solution of Ph2N=BCl2 (11 mg, 0.046 mmol) in toluene (250 μL) was added a solution of 
IDipp–BH2NMeH (20 mg, 0.046 mmol) in toluene (250 μL) at 22 °C in a J. Young NMR tube. A 
small amount of white precipitated was immediately observed. The reaction mixture was 
analysed by 11B NMR spectroscopy after 10 min and quantitative consumption of the triplet 
which corresponds to IDipp–BH2NMeH [δB = -16.2 ppm]8 was detected. A small peak at 





(δ = 30.7 ppm (br) (ca. 49%), 8.0 ppm (s) (ca. 2%) and -16.1 ppm (br) (ca. 49%)) are currently 
unassigned. Analysis of the crude material by ESI-MS revealed peaks with a difference of 
m/z = 43 and GPC analysis shows a small quantity of high molar mass material.  
 
Figure S5.33 11B{1H} (left) and 11B (right) NMR spectra (96 MHz, 293 K, toluene) of the reaction solution of 
Ph2N=BCl2 and IDipp–BH2NMeH (*unassigned products). 
 
Figure S5.34 GPC chromatogram of the products of the reaction between Ph2N=BCl2 and IDipp–BH2NMeH. 






Figure S5.35 ESI(+)-MS spectrum the products of the reaction between Ph2N=BCl2 and IDipp–BH2NMeH. in 
DCM:IPA (1:9). 
5.5.7.2 Attempted regeneration of [MeHN–BH2]n from IDipp–BH2NMeH with BCl3 
To a solution of IDipp–BH2NMeH (20 mg, 0.046 mmol) in toluene (500 μL) in a J. Young NMR 
tube was added a solution of BCl3 (1M in hexanes, 46 μL, 0.046 mmol) at 22 °C. A small amount 
of white precipitated was immediately observed. The reaction mixture was analysed by 11B 
NMR spectroscopy after 10 min and quantitative consumption of the triplet which corresponds 
to IDipp–BH2NMeH (δB = -16.2 ppm)8 was detected. Peaks at (δB = 3.1 ppm) (ca. 3%) and 
(δB = -5.3 ppm (br)) (trace) were tentatively assigned as IDipp–BCl318 and [MeHN–BH2]n17 
respectively. Peaks at (δB = 34.1 ppm (br) (ca. 20%), 7.8 ppm (s) (ca. 13%), 7.4 (s) ppm (ca. 54%) 
and -17.9 ppm (br) (ca. 9%)) are currently unassigned. Analysis of the crude material by ESI-MS 
revealed peaks with a difference of m/z = 43 and GPC analysis shows a small quantity of high 






Figure S5.36 11B{1H} (left) and 11B (right) NMR spectra (96 MHz, 293 K, toluene) of the reaction solution of 
Ph2N=BCl2 and IDipp–BH2NMeH (*unassigned products). 
 
Figure S5.37 GPC chromatogram of the products of the reaction between BCl3 and IDipp–BH2NMeH. 2 mg mL-1 






Figure S5.38 ESI-MS ESI(+)-MS spectrum the products of the reaction between BCl3 and IDipp–BH2NMeH in 
DCM:IPA (1:9). 
5.5.7.3 Attempted regeneration of [MeHN–BH2]n from IDipp–BH2NMeH with B(C6F5)3 
To a solution of B(C6F5)3 (128 mg, 0.250 mmol) in toluene (250 μL) was added a solution of 
IDipp–BH2NMeH (108 mg, 0.250 mmol) in toluene (250 μL) at 22 °C in a J. Young NMR tube. 
The reaction mixture was analysed by 11B NMR spectroscopy after 1 h and quantitative 
consumption of the triplet which corresponds to IDipp–BH2NMeH (δB = -16.2 ppm)8 was 
detected. A peak at (δB = -24.8 ppm (d, 1JHB = 83.7 Hz)) was assigned as [HB(C6F5)3]-20 along 
with two unassigned species (δB = -5.0 ppm (s) (35%) and -17.1 ppm (br) (19%)). 
 
Figure S5.39 11B{1H} (left) and 11B (right) NMR spectra (96 MHz, 293 K, toluene) of the reaction solution of 





5.5.8 Supplementary Tables 
5.5.8.1 X-ray crystallography 
X-ray diffraction experiments of CAACMe(H)(PEt2BH3) was carried out at 100 K on a Bruker 
APEX II diffractometer using Mo-Kα radiation (λ = 0.71073 Å). The data collections were 
performed using a CCD area detector from a single crystal mounted on a glass fibre. Intensities 
were integrated28 and absorption corrections based on equivalent reflections using SADABS29 
were applied. The structures were solved by the dual-space algorithm SHELXT30 and refined 
against all F2 in ShelXL31 using Olex2.32 All the non-hydrogen atoms were refined 
anisotropically. 
Table S5.2 Selected crystallographic data for 5.1 and 5.3. 
Compound 5.1 5.3 
Crystal colour colourless yellow 
Empirical formula C24H45BNP C29H46B2N4 
Formula weight 389.39 472.32 
Temperature/K 100(2) 90(2) 
Crystal system monoclinic monoclinic 
Space group C12/c1 P21/n 
a/Å 24.9103(6) 11.9760(18) 
b/Å 24.7873(6) 13.819(2) 
c/Å 15.8667(4) 18.396(3) 
α/° 90 90 
β/° 91.6820(10) 103.896(4) 
γ/° 90 90 
Volume/Å3 9792.8(4) 2955.2(8) 
Z 16 4 
ρcalcg/cm3 1.056 1.062 
μ/mm-1 0.121 0.061 
F(000) 3456 1032 
Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 
2Θ range for data collection/° 1.159 − 27.190 1.846 − 24.996 
Reflections collected 82748 27173 
Independent reflections 82748 27173 
Goodness-of-fit on F2 1.037 1.025 
Final R indexes [I>=2σ (I)] R1 = 0.0437 
wR2 = 0.1012 
R1 = 0.0367 
wR2 = 0.0892 
Final R indexes [all data] R1 = 0.0616 
wR2 = 0.1102 
R1 = 0.0436 
wR2 = 0.0945 
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Chapter 6  
Outlook 
Following on from the results reported in this thesis it is proposed that further work could be 
productively undertaken in the following areas: 
6.1 Investigating other metal-free routes for the dehydropolymerisation of 
phosphine-boranes 
Chapters 2 and 5 discuss the synthesis of polyphosphinoboranes using cyclic 
alkyl(amino)carbenes (CAACs) as stoichiometric hydrogen acceptors. Although this method 
allows access to a range of polymers, including the first examples of high molar mass 
P-disubstituted polyphosphinoboranes, [Ph2P–BH2]n and [PhEtP–BH2]n, the polymerisation 
method is far from ideal as the requirement of stoichiometric quantities of CAAC results in 
poor atom economy and a low yield of high molar mass material. The high molar mass of the 
CAACs also limits the concentration at which the polymerisation reaction can be carried out 
whilst maintaining a homogeneous solution. 
Thus far, there have been no examples reported of reversible H2 activation at a carbene 
centre, presumably due to the strength of the resulting C–H bonds. We anticipate that future 
work could focus on developing alternative main group compounds which are able to both 
dehydrogenate phosphine-boranes and release dihydrogen to regenerate the active species 
facilitating a catalytic process. Focussing on the development of a main group catalysts will 
hopefully provide the opportunity to further extend the substrate scope of P-disubstituted 
polyphosphinoboranes, species which have thus far not been accessed using transition-metal 
catalysts. It is worth considering main group compounds which have demonstrated an ability 
to catalytically dehydrogenate amine-boranes. Some examples of which are frustrated Lewis 








Figure 6.1 Main group FLP systems which have been successful for catalytic dehydrogenation of amine-
boranes.1,2 
The low yield of high molar mass material was postulated to either result from cyclic 
oligomers forming as a result of back-biting or chain termination involving chain-end capping 
with Lewis acids and bases. As CAAC end groups were detected using ESI-MS it is anticipated 
that if the dehydropolymerisation could be performed using a catalytic, rather than a 
stoichiometric quantity of a hydrogen acceptor, the instances of premature chain-end 
capping would be significantly reduced. The development of a catalyst would also significantly 
improve the atom economy of the dehydropolymerisation. Additionally, increasing the 
concentration of the polymerisation reaction mixture would likely favour linear chain 
propagation; however, it should be considered that a high concentration might also favour 
bimolecular chain termination or chain transfer events.  
6.2 Material properties and applications of P-disubstituted 
polyphosphinoboranes 
A recent publication by our group reported a post-polymerisation modification of 
P-monosubstituted polyphosphinoboranes via the insertion of olefins into the P–H bonds, 
with material properties which could be tuned by varying the degree of hydrophosphination 
and alkene used.3 The CAAC-mediated dehydropolymerisation route discussed in Chapters 2 
and 5 allows access to P-disubstituted materials via the direct dehydrogenation of phosphine-
borane monomers. This method enables the properties of the polymers to be tuned by 
altering the substituents of the monomer and does not rely on the initial synthesis of a 
P-monosubstituted polyphosphinoborane. 
The development of a catalyst for the dehydropolymerisation of P-disubstituted 
phosphine-boranes would allow for the synthesis of high molar mass polymer to be much 
more atom efficient and should facilitate scale up. Subsequently this will enable the material 
properties, such as thermal and oxidative stability, ceramic yields, and glass transition 





that P-disubstituted polyphosphinoboranes will exhibit different properties to those of 
P-monosubstituted polyphosphinoboranes. In particular it is predicted that the 
P-disubstituted derivatives will display an increase in long-term stability as a result of the 
removal of a reactive P–H bond. The synthesis of a larger quantity of [Et2P–BH2]n is an 
especially attractive target due to its semi-crystalline properties. Crystalline 
polyphosphinoboranes would have advantages over their amorphous congeners such as 
greater mechanical strength and Young’s modulus and would allow easy processing into melt-
spun fibres.   
6.3 Detailed mechanistic studies into the dehydropolymerisation of 
phosphine-boranes using Ni(COD)2 precatalyst 
Chapter 3 described the dehydropolymerisation of PPhH2·BH3 using Ni(COD)2 
(COD = 1,5-cyclooctadiene) as a precatalyst. Although we have proposed that the reaction 
operates via a homogeneous chain-growth mechanism a detailed study into the mechanism 
of the catalysis should be undertaken as a greater understanding could be used to aid future 
catalyst design. A combination of computational studies, isotopic labelling studies and 
isolation of reactive intermediates should be carried out. 
It was reported by Weller et al. that the COD ligands of the catalyst [Rh(COD)2][BArF4] 
(BArF4 =  [B(3,5-(CF3)2C6H3)4]-) are displaced by tBu2PH in the reaction with the secondary 
phosphine-borane, tBu2PH·BH3, presumably as a result of the cleavage of the P–B bond of the 
phosphine-borane at the Rh centre.4 Attempts should be made to try and isolate the active 
species in the Ni(COD)2 catalysed dehydropolymerisation and this could be done through 
carrying out stoichiometric reactions of Ni(COD)2 with both phosphines and 
phosphine-boranes. It is anticipated that using the disubstituted derivatives Ph2PH and 
Ph2PH·BH3 may assist with crystallisation. 
6.4 Reactivity of the cyclic trimer [PhHP–BH2]3 
The isolation of the 6-membered ring [PhHP–BH2]3 is reported in Chapter 3. This species is a 
side product of the Ni(COD)2 catalysed polymerisation of PhPH2·BH3; however, it is also an 
interesting compound in its own right. 
It will be interesting to investigate whether it is possible to functionalise the P–H bonds of 





phosphine-boranes, and more recently by Manners et al.  for polyphosphinoboranes (Scheme 
6.1a).3,5  
The presence of both P–H and B–H bonds opens the possibility for dehydrogenation of the 
rings to occur to give a compound which would be isoelectronic to borazine (Scheme 6.1b). 
Power et al. reported P–B borazine analogues in the 1980s using bulky substituents to favour 
B–P π-bonding.6,7 It is anticipated that it may be possible for a dehydrocoupling reaction 
between rings to occur to give two 6-membered rings joined by a P–B bond (Scheme 6.1c). A 
novel structure that could be targeted would be a hexagonal cage structure in which 
dehydrocoupling occurs between all B–P units on two of the 6-memebered rings (Scheme 
6.1d). A similar structure was reported by Schmidt et al. for amidoalane systems.9 
It is feasible that the 6-membered cyclic oligomer [PhHP–BH2]3 may undergo a ring-opening 
polymerisation (ROP) reaction either thermally or through the use of an initiator (Scheme 
6.1e). ROP has provided an important route to high molar mass main group polymers; 
however, in most cases the rings are strained and sterically demanding substituents are 
present in the cyclic monomers.10–12 
 
Scheme 6.1 Potential further reactivity of [PhHP–BH2]3: a functionalisation of P–H bonds; b dehydrogenation; c 





6.5 Reactivity of ammonia-borane with CAACs 
In Chapter 4 the synthesis of cis- and trans-(CAACMeH)HB=NMe(CAACMeH) is reported through 
the reaction of MeNH2·BH3 with three equiv. of CAACMe. One equiv. of CAACMe is believed to 
dehydrogenate the amine-borane and the further two equivalents insert into the B–H and N–H 
bonds. A preliminary investigation into the reaction of Me2NH·BH3 with two equiv. of CAACMe 
appears to give  (CAACMeH)HB=NMe2, a result similar to that of MeNH2·BH3; however, with 
the N-disubstituted amine-borane no N–H bond is available for N–H activation by CAACMe post 
dehydrogenation. 
Probing the product/products of the reaction between ammonia-borane, NH3·BH3 and 
CAACMe would be a relevant study. If (CAACMeH)HB=NH(CAACMeH) could be prepared 
successfully from the reaction of NH3·BH3 with 3 equiv. of CAACMe, analogous to reaction 
involving MeNH2·BH3, it would be interesting to investigate whether  the addition of further 
equivalents of CAACMe activate the remaining N–H or B–H bonds, or if this species could be 
dehydrogenated to give an iminoborane, the BN analogue of an alkyne (Scheme 6.2). 
Iminoboranes are difficult to isolate due to their propensity to undergo cyclooligomerisation; 
however, it is anticipated that in this case the steric bulk introduced by CAACMe may be 
sufficient to stabilise the iminoborane.13–15 It may also be possible to tune the steric bulk by 
altering the CAAC substituents. 
 
Scheme 6.2 Proposed synthesis of an iminoborane from NH3·BH3 and CAACMe. 
6.6 Thermolysis of IDipp–BH2NH2 adduct  
In Chapter 5 the synthesis of IDipp–BH2·NMeBH·NMeH was discussed. This species can be 
described as an iminoborane unit trapped by an electron donating amide and electron accepting 
borenium moiety and is synthesised through the thermolysis of the adduct IDipp–BH2NMeH. 






Rivard et al. have reported examples of stable molecular adducts containing HB≡NH using a 
donor acceptor approach in which the iminoborane is sandwiched between a Lewis-base and 
Lewis-acid (Figure 6.2a and b).13,17  
 
Figure 6.2 a and b Trapped iminoboranes reported by Rivard et al; and c proposed trapped iminoborane. 
It was postulated that these species may provide a solution-phase route to boron nitride via 
dehydrogenation (Scheme 6.3); however, attempts to release H2 using dehydrogenation 
catalysts were unsuccessful. This was attributed to the steric bulk of the capping groups. 
 
Scheme 6.3 Proposed route to bulk boron nitride. 
It will be interesting to probe whether the thermolysis of IDipp–BH2NH2 gives IDipp–
BH2·NHBH·NH2 (Figure 6.2c). This compound will have lower steric bulk around the trapped 
iminoborane than the compounds synthesised by Rivard, potentially allowing further 
dehydrogenation to take place. 
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